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ABSTRACT OF DISSERTATION

A COMPARATIVE STUDY OF SLEEP, DIURNAL PATTERNS, AND EYE CLOSURE
BETWEEN THE HOUSE MOUSE (MUS MUSCULUS) AND AFRICAN SPINY
MOUSE (ACOMYS CAHIRINUS)

To understand the function and origins of sleep, sleep needs to be studied across many
different species. Although it is well conserved throughout mammals, 95% of papers are
restricted to just three species, Homo sapiens, Mus musculus, and Rattus norvegicus. We
aimed to characterize sleep and wake in a Murid rodent Acomys cahirinus in greater detail
alongside the well-studied laboratory house mouse (Mus musculus) and wild M. musculus
using a well validated, non-invasive, piezoelectric system for sleep and activity monitoring.
We confirmed A. cahirinus, M. musculus, and wild M. musculus to be primarily nocturnal,
but with clearly distinct behavioral patterns. Specifically, the activity of A. cahirinus
sharply increases right at dark onset, which is common in nocturnal species, but
surprisingly, decreases sharply just one hour later. Using infra-red camera recordings in
single and group cage conditions, we found that A. cahirinus is more active early in the
night period than late night period in single and group cages, and this decreased activity in
the latter half of the night is much greater compared to M. musculus. In order to better
understand these differences in activity, we investigated the sleep architecture of A.
cahirinus using electroencephalogram (EEG) recordings. Our data show that A. cahirinus
have a few key differences in sleep from M. musculus. A. cahirinus have significantly
longer daily sleep periods and exhibit a much higher amount of REM sleep. A. cahirinus
are awake at dark onset, but sleep more than M. musculus after the middle of the night.

Most strikingly, A. cahirinus do not close their eyes virtually at all while sleeping, day or
night. In order to test whether the sleep patterns of A. cahirinus are affected by or
responsive to different light input, we set up a light flashing experiment during the daytime.
While sleep amount did not change significantly during light flashing, A. cahirinus spent
significantly less time in REM compared to baseline. In contrast, M. musculus had no
difference in REM sleep percentage. Histological studies showed A. cahirinus have thinner
retinal layers, but much thicker corneas than M. musculus. Electroretinography (ERG)
results, specifically b-wave amplitudes, are significantly different between these two
species. While eye closure and sleep have not been systematically studied across mammals,
our observation is clearly a rare behavior. This raises further questions about A. cahirinus
sleep architecture, the adaptive value of eyes open sleep to A. cahirius and whether they
may have limited visual processing even during normal sleep.
KEYWORDS: Sleep, Diurnal patterns, Eye closure, Spiny Mice
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CHAPTER 1
Introduction

Background
The purpose of sleep is one of the fundamental unsolved mysteries of biology. Even
though we still don’t know the full functions of sleep yet, great progress has been made in
understanding the functional mechanisms of the brain in mammals and other animals that
control sleep and wakefulness (Brown et al., 2012). Many neuroscientists and sleep
researchers have tried to understand sleep using various methods, such as neuroanatomical,
physiological, genetic and behavioral approaches. Historically, the first examination of
sleep behavior with a physiological perspective was performed by Dr. Henri Piéron in 1913
(Piéron, 1913). His paper is regarded as the beginning of the modern approach to sleep
research. Then in the 1920s, Dr. Nathaniel Kleitman, who is often considered the “Father
of American Sleep Research”, began investigating the regulation of sleep and wakefulness
including the 24 hr cycle of sleep and wake, later confirmed to be a dominant circadian
rhythm in humans and other animals. A few decades later, using electroencephalography
(EEG) and related technologies, Dr. Kleitman’s research team made a surprising discovery,
that the brain could be just as active during certain periods of sleep as it is during wake.
This was called REM sleep for the Rapid Eye Movements that occur periodically during
this state (Aserinsky and Kleitman, 1953). Their observational studies did not allow the
differentiation between slow and rapid eye movements, but this became apparent by using
electro-oculography (EOG) recording. REM sleep is also known as Paradoxical Sleep since
the brain activity is like wake, but the body is asleep, with skeletal muscles essentially
“paralyzed” to minimize the movements that are occurring in the dreams that take their
most active form during this state.
In 1982, Dr. Alexander Borbely proposed ‘the two-process model; a circadian
process (Process C) and a homeostatic process (Process S)’ to explain, quantify, and
account for sleep drive, sleep need, and sleep propensity (Borbely, 1982). According to
Dr. Borbѐly’s descriptions, sleep drive represents the desire to sleep, sleep need represents
1

the requirement and duration, and sleep propensity refers to the inclination to sleep
(Borbely, 1982; Daan et al., 1984). Process C is controlled by the endogenous circadian
clock and is independent of influence from prior sleep or wake. The endogenous circadian
clock can be entrained by external stimuli, like light, but will freely run with a period of
approximately 24 hours even without any light-dark or other 24 hours “signals”. Process
S, on the other hand, is controlled by previous sleep or wake, and increases during
wakefulness and declines during sleep. The two processes are independent but interact each
other, and at times oppose each other, with the summation of homeostatic drive and
circadian oscillations promoting sleep when values are high, and wake when values are
low (Borbely and Achermann, 1999; Daan et al., 1984).
The Suprachiasmatic Nucleus (SCN), in the hypothalamus, is a major circadian
pacemaker controlling circadian rhythms in mammals (Ralph et al., 1990). The SCN
coordinates the circadian rhythms across the entire body by interacting with many other
regions of brain. Ablation of the SCN leads to loss of most physiological and behavioral
circadian rhythms including the timing of sleep during appropriate periods of the day
(Bernard et al., 2007). SCN lesions resulted in arrhythmicity of the circadian rhythms and
body temperature, and activity rhythms under both entrained (light and dark cycle) and
free-running conditions (total darkness). SCN neural projections are delivered to different
hypothalamic regions. For example, inhibitory GABAergic projections are sent to sleep
promoting ventrolateral preoptic area (VLPO) neurons in the anterior hypothalamus, and
excitatory glutamatergic projections are sent to wake promoting lateral hypothalamus (LH)
neurons (Saper et al., 2005). The balance between wake and sleep is basically maintained
via two distinct groups of neurons from the tuberomammillary nucleus (TMN) promoting
wake and VLPO promoting sleep. The increase in neuronal firing rates in the GABAergic
VLPO neurons inhibits neuronal firing rates in wake promoting regions including LH
(primary orexinergic nucleus) and TMN (histaminergic nucleus) (Malenka et al., 2009).
Multiple neurotransmitter systems contribute to the promotion of wakefulness. For
examples, the cholinergic system typically promotes wakefulness and REM sleep
(Armstrong et al., 1983), and the orexin/hypocretin system promotes wakefulness and help
prevent rapid transition from wake to sleep (de Lecea et al., 1998). Serotonin neurons
promote a quiet wakefulness with reduced cortical activation (Jacobs and Azmitia, 1992).
2

Norepinephrine neurons promote wakefulness corresponding in part to the central flight or
fight response and are important to maintain muscle tone during wakefulness and suppress
muscle tone during REM sleep (Hobson et al., 1975). Histamine neurons in TMN are
continuously active during wakefulness and cease discharge during REM sleep (John et al.,
2004). For sleep regulation, adenosine has been proposed as a key molecule that plays a
role in homeostatic sleep drive. The level of adenosine is increased in the basal forebrain
through the activities of VLPO neurons during wakefulness, in connection to energy state
throughout the brain, and more global regulation. Adenosine is increased not only in the
basal forebrain but throughout the cortex. (Porkka-Heiskanen and Kalinchuk, 2011).
Sleep certainly feels restorative, but it is still not clear what if anything is actually
restored in the brain or rest of body. Several theories have been proposed for restorative
or other functions of sleep: 1. sleep replenishes energy stores in the brain used during
wakefulness (Benington and Heller, 1995); 2. sleep promotes removal of harmful byproducts that are accumulated in the brain during wakefulness (Hartmann, 1973); 3. sleep
is involved in neural plasticity and memory consolidation (Benington and Frank, 2003); 4.
sleep is involved and critically tied to hormonal and immune processes (Krueger and Majde,
2003); 5. Sleep’s most important function is thermoregulation (Rechtschaffen et al., 1989).
In 2013, Xie and colleagues discovered that sleep drives metabolite clearance from the
adult brain, further supporting hypothesis number 2 above (Xie et al., 2013). Currently,
many research teams have discovered an active role of sleep for memory consolidation in
mammals (Tononi and Cirelli, 2006). Whereas older research concentrated on the role of
rapid-eye-movement (REM) sleep for memory consolidation, recent work has revealed the
importance of nonREM sleep for memory consolidation (Rasch and Born, 2013). Perhaps
the strongest evidence for important functional roles, and adaptive value for sleep, is the
pervasiveness of sleep across animals, even in those that appear to be highly vulnerable
during sleep periods (Siegel, 2005).
Do all animals sleep?
In order to answer this fundamental question, many neuroscientists and sleep
researchers have investigated a wide variety of animals over many years with multiple
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different methods. Although only a small fraction of species has been examined, it is
possible that all animals sleep in some manner (Campbell and Tobler, 1984; Kryger et al.,
2005). Most animals need to adjust their activity time to optimal conditions of prey
availability, predator threat, sexual opportunities, temperature, and other variables relating
to survival, and sleep appears to be a useful thing to do during periods of lower activity.
Sleep is most broadly defined as sustained inactivity accompanied by reduced
responsiveness to external stimuli (Kryger et al., 2005; Siegel, 2008). Inactivity during
sleep is distinct from immobility, for example, some cetaceans reportedly swim while
sleeping.
As discussed earlier, two very different types of sleep have been identified in birds
and mammals that evolved from amniotic ancestors, nonREM sleep (including slow-wave
sleep - SWS) and REM sleep. SWS is characterized by high-amplitude low-frequency EEG
and decreased muscle tone, whereas REM sleep has low-amplitude and high-frequency
EEG coupled with a complete loss of muscle tone. The rapid eye movements during REM
sleep differs from the slow rolling eye movements observed during nonREM (Brown et al.,
2012). Total sleep time in mammals varies from fewer than 2 hours to more than 20 hours
per day. Also, the REM sleep state in mammals varies from 0 hours to more than 8 hours
per day (Siegel, 2005, 2008). Each species has a specific sleep posture. In terrestrial
mammals, lateral and sternoabdominal recumbency with eyes closed is the most common
sleep posture (Zepelin et al., 2005). However, there are interesting variations across
mammals, and even greater diversity among other vertebrates, and among arthropods,
which I summarize here:
Sleep in arthropods- Cockroaches, bees, and scorpions have been observed to have
quiescent behaviors with elevated arousal thresholds (Hartse 1989). Common fruit flies
(Drosophila melanogaster) exhibit a sleep-like behaviors originally called “rest” to be
conservative until further evidence of true “sleep” was obtained (Hendricks et al., 2000).
During their resting state, Drosophila show periods of immobility with significantly
reduced responsiveness to external stimuli. The immobility of Drosophila lasted up to
2.5 hours with unchanged posture and location in single and groups housing conditions.
Homeostatic regulation with significant rebound after sleep deprivation was also observed.
4

These findings suggest the “rest” is a true sleep-like state, since if it was simple rest, arousal
threshold and rebound would not necessarily be elevated.
Sleep in fish- Zebrafish (Danio rerio) have been used as a model organism for sleep
research in the last decade. Circadian variations in responsiveness and activity and
quiescent behaviors meet the broad criteria for a sleep (Prober et al., 2008; Yokogawa et
al., 2007). The quiescent (sleep) state in zebrafish could be completely blocked by light for
long periods. The sleep behavior in zebrafish is regulated by an endogenous rhythm, as in
mammals. Zebrafish do not appear to have rapid eye movements during sleep, nor any
other evidence of REM-like sleep seen in birds and mammals. However, respiration during
sleep in zebrafish becomes slower and less regular, again similar to mammals (Arnason et
al., 2015). Wrasse species exhibit a definite diurnal rhythm with locomotor activity at
daytime and bury themselves in the sand at the bottom of the ocean at nighttime (Hur et al.,
2012). The sleep-wake rhythms in wrasse are regulated by a coordination of melatonin and
clock genes (e.g. Per1, Per2, Bmal1, and Cry1).
Sleep in reptiles- Several papers have reported that there is a REM sleep-like state in
reptiles, but several other papers have reported the opposite conclusion even though they
studied the same species (Ayala-Guerrero and Huitron-Resendiz, 1991; De Vera et al., 1994;
Flanigan et al., 1973; Huntley, 1987; Tauber et al., 1968). These differences might be a
result of the difficulty in comparing sleep behaviors between reptiles and mammals. In the
turtle, quiescent behavior is accompanied by 29% reduction of responsiveness to external
stimuli and a 0.44 second increase in the response latency.

Also, the EEG signals

correlating to quiescent (sleep) state increased after disruption of rest behavior (Flanigan
et al., 1974). Recently, Kelly and colleagues discovered that crocodiles have
unihemispheric sleep (Kelly et al., 2015). Crocodiles showed an increased amount of
unilateral eye closure (UEC) in response to external stimuli and preferentially oriented their
open eye to the stimuli during sleep.
Sleep in birds- Birds have been reported to have both REM and nonREM sleep as measured
by EEG/EMG recordings quite similar to mammals. Interestingly, REM sleep bouts in
bird tend to be shorter than most mammals (Miyazaki et al., 2017). The short REM sleep
episodes at least in perching birds may prevent them from falling out of trees (Lesku and
5

Rattenborg, 2014). Some birds respond to sleep loss similar with mammals. However,
there are also species, such as pectoral sandpipers (Calidris melanotos), that have a
remarkable ability to greatly reduce sleep at times of the year when they migrate annually
from the southern hemisphere to above the Arctic Circle (Lesku and Rattenborg, 2014).
During long migratory flights, the very limited sleep is mostly unihemispheric, which may
allow birds to continue navigation (Manoach and Stickgold, 2016).
Sleep in marine mammals- The standard criteria for sleep have been modified for sleep
behavior in marine mammals. In general, marine mammals have unihemispheric sleep
while at sea, so they can swim while sleeping. Sleep in the fur seal on land generally is
similar to the sleep in most terrestrial mammals (Lyamin et al., 2017). The EEG in fur
seals on land is bilaterally synchronized. However, when the fur seal is in the water, they
have an asymmetrical pattern of sleep behavior both in the brain and in periphery, such that
one of the flippers is still active, but the other flipper is inactive. When at sea, fur seals
exhibit slow waves in one hemisphere of brain with the contralateral eye closed (Lyamin
et al., 2017). Dolphins and other cetaceans appear to have only unihemispheric sleep, with
slow-waves alternating in each hemisphere. They have never been observed to have highvoltage waves bilaterally. They can also swim and rise to the surface to breath while having
unihemispheric sleep. The evolution of unihemispheric sleep is another argument that sleep
serves at least some critical functions, or else some species would presumably evolve a
complete absence of sleep. Although a complete absence of sleep has never been observed
in any mammal, cetacean do appear to be highly resistant to long periods of sleep
deprivation. For example, one study showed that dolphins are able to maintain continuous
vigilance for 5 days with no decline in accuracy on various tests. At the end of this period,
there was no decrease of activity like swimming or evidence of inattention (Ridgway et al.,
2006).
Sleep in land mammals, especially rodents- Of the approximately 5,400 extant
mammalian species (Wilson, 2005), sleep research has been performed with only about 70
species (Kryger et al., 2017). Sleep has been studied extensively in humans, the house
mouse (Mus musculus), and the Norway rat (Rattus norvegicus), and these comprise the
vast majority of all publications in the past forty years. The house mouse represents a well6

characterized model system for sleep research. Mus musculus (Mus) can be easily
manipulated genetically with a relatively high reproduction rate and fast developmental
progression. In addition, the genome of Mus has been mapped and sequenced to very high
resolution and in multiple strains (Ripperger et al., 2011). As a result, forward and reverse
genetic approaches to find novel genes controlling or influencing sleep are available in
Mus. However, Mus sleep differs substantially from humans in two aspects: 1. Mus sleeps
more during the day time because they are nocturnal animals, 2. sleep in Mus is highly
fragmented (Ripperger et al., 2011). Despite these differences, the mouse has proved useful
for understanding several basic aspects of sleep, sleep regulation, and sleep homeostasis,
and even for modeling several specific human sleep disorders like narcolepsy and insomnia
(Tabuchi et al., 2014; Toth and Bhargava, 2013). Studies in mice potentially allow for much
larger genomic efforts that should shed light on sleep physiology and sleep functions.
Methods and current limitations in sleep research
To pursue genomic studies of sleep, one needs simple high-throughput approaches
to study hundreds or even thousands of animals. Drosophila has been best suited to this by
developing an infrared beam breaking system called DAMS (Drosophila Activity
Monitoring System) (Trikinetics, Waltham, MA). The DAMS is widely used in Drosophila
behavioral analysis (Pfeiffenberger et al., 2010). Similar to Drosophila, infrared beam
breaking is used extensively to study locomotor activity in zebrafish, including fully
automated tracking and quantification of locomotor behavior, in a convenient software
package (Conklin et al., 2015).
Traditionally, sleep/wake research in mammals has been performed by
Electroencephalogram/ Electromyogram (EEG/EMG) recordings, which have been
considered the ‘gold standard’ method. Sleep architecture for different sleep-wake states
and neurophysiological research have been measured by analyzing EEG power spectra
(Davis et al., 1937; Lo et al., 2004). The EEG/EMG recordings for sleep studies in rodents
have expanded our knowledge of sleep in many areas (Brown et al., 2012). EEG recordings
have been critical to almost all sleep studies to date but have also presented a severe
bottleneck, making large scale studies nearly impossible or extremely expensive, requiring
a large amount of time from highly trained and specialized personnel. To perform EEG
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recording with rodents, the electrodes must be surgically implanted, making it an invasive,
time-consuming process. In humans, the use of surface electrodes makes this step easier,
but in both rodents and humans’ EEG/EMG is extremely laborious as the EEG/EMG
recordings must still be visually scored by trained people to ensure reasonable accuracy.
Automated software has improved, but is still not considered to be acceptable quality on
its own.
To overcome these limitations, especially for rodent studies, several non-invasive
techniques using high-throughput screening approaches have been developed by several
research teams. The only widely utilized, commercialized, and independently validated
method for mice was developed in our laboratory and by the company Signal Solutions
LLC (Lexington, KY), utilizing highly sensitive piezoelectric sensors to allow for simple,
high-throughput, non-invasive sleep-wake monitoring. This piezoelectric system is
comprised of plexiglass cages with a piezoelectric film lining the bottom that detects
pressure variations due to the movement of the animal (Donohue et al., 2008; Mang et al.,
2014). When the animal is sleeping, the primary pressure variations are from breathing
and provide an accurate respiratory trace. Sleep states are characterized by quasi-periodic
signals with low variations in amplitude. Wakefulness and rest states are characterized by
irregular transient and high amplitude pressure variations corresponding to body
movements and weight shifting. Even during “quiet rest”, subtle head or other movements
are sufficient to distinguish rest from sleep with an accuracy comparable to EEG/EMG
recording (Mang et al., 2014), which is not possible with video or other non-invasive
alternatives (which also suffer from lack of automation).
Using African spiny mouse (Acomys cahirinus) for my dissertation research
As I mentioned above, the functions of sleep are still poorly known. An improved
understanding of the functions of sleep might benefit from a deeper appreciation of
ecological factors. Ecological factors have clearly shaped different sleep behaviors during
evolution. (Joiner, 2016). The multiple ecological determinants, such as protection against
predation, enhanced mating success, thermoregulation, need to forage for food, etc., shaped
the evolution of at least some aspects of sleep behavior. Daily sleep duration and the timing
of sleep varies among mammals due to these ecological factors. Sleep duration in some
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animals can be significantly reduced to optimize success. For example, in the case of
polygynous pectoral sandpipers, individual birds that showed much longer awake time than
other individuals in their cohort are more successful in mating (Lesku et al., 2012). Whitecrowned sparrows can reduce their sleep by over 60% during their migratory season
(Rattenborg et al., 2004). Another important factor is the customary diet of each species
that is correlated with sleep duration. Daily sleep duration is generally highest in carnivores
and lowest in herbivores (Siegel, 2005). Sleep duration is inversely correlated with body
mass in herbivores. This negative correlation between sleep duration and body mass is
sometimes suggested to be a causal factor in sleep amounts, perhaps related to general
metabolic considerations. However, this idea is not well supported, and sleep duration and
body mass are not significantly correlated in carnivores or omnivores (Siegel, 2005).
The above ecological considerations are of course subject to evolutionary forces
and selection Under these evolutionary pressures, sleep duration and timing in mammals
varies tremendously among different species. For example, elephants and armadillos have
extremely different daily sleep durations of approximately 3 and 20 hrs/day, respectively
(Affanni et al., 2001; Prudom and Klemm, 1973; Tobler, 1992). Furthermore, within a
species or within individual sleep variables may change profoundly under differing
demands.

For example, many animals in the desert area have substantial seasonal

variations in sleep (Davimes et al., 2018). Sleep along with other behaviors were evolved
to adapt to these severe environments and vary depending on microclimates, burrows,
changes in heat conduction and radiation, evaporative cooling, etc (Cost 1995) (Costa G
(1995) Behavioural adaptations of desert animals. Springer-Verlag, Berlin). However, our
knowledge of these interactions is limited as there is a lack of sleep behavior data for most
animals in natural environments, especially more extreme environments like deserts and
arctic areas.
In order to better understand the large variety of sleep behaviors and functions of
sleep in mammals, researching sleep patterns and amounts in many different animals is
needed. However, as I mentioned above, sleep has been studied extensively in relatively
few species -- humans, the house mouse (Mus musculus), and the Norway rat (Rattus
norvegicus), and there is still a lack of data for most other mammalian species. In order to
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extend the knowledge of mammalian sleep, I have begun to study A. cahirinus in greater
detail alongside the well-studied laboratory house mouse (Mus musculus). This species is
of particular interest for several reasons. Previous studies have investigated two different
Acomys species which share the same habitat, but have adapted to different phase
preferences (Shkolnik, 1971). Interestingly, two species of spiny mice, the golden spiny
mouse, A. russatus, and the common spiny mouse, A. cahirinus, have different circadian
rhythm patterns.

Both A. cahirinus and A. russatus, when isolated, are nocturnal

(Fluxman and Haim, 1993). When the two species are sympatric, A. cahirinus is nocturnal,
which is conventional for desert dwelling rodents, but A. russatus shift their rhythm to
forage during the day and as a result are more diurnal (Fluxman and Haim, 1993; Gutman
and Dayan, 2005). The trapping and removal of A. cahirinus mice from the common
habitat resulted in the return of the partial nocturnal activity in A. russatus mice. Other
experiments showed that keeping A. russatus mice in a separate room from A. cahirinus
mice under laboratory conditions produced the same results as those already observed. A.
cahirinus are the most common spiny mouse species in most habitats for spiny mice. Also,
A. cahirinus has recently become an important model for tissue regeneration (Seifert et al.,
2012) which may interact with sleep. This ongoing research in A. cahirinus also made
this species readily available for the research described in this thesis.
In the first part of my thesis (Chapter 2), I have performed a comparative study of
sleep and diurnal/circadian biology in the house mouse (Mus musculus) and the African
spiny mouse (Acomys cahirinus). The daily sleep patterns of these species are almost
certainly driven, at least in part, by the circadian clock, but given that our studies were all
done under light-dark cycles, we have conservatively referred to them as diurnal patterns
rather than a verified circadian rhythm. Among these diurnal patterns, I have found A.
cahirinus and M. musculus to be primarily nocturnal, but with clearly distinct behavioral
patterns. The activity of A. cahirinus, a nocturnal species, increases at dark onset but,
surprisingly, decreases sharply just two hours later. Daily sleep time percentages of A.
cahirinus are significantly higher than M. musculus. Surprisingly, when I analyzed the IR
camera recordings, I found that A. cahirinus do not close their eyes while sleeping, day or
night. In the second part of my thesis (Chapter 3), I examined and investigated this
unusual surprising behavior that A. cahirinus sleep with their eyes fully open. These studies
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include detailed behavioral investigations with and without light stimulation
morphological and histological studies of possible differences in the eyes of A. cahirinus,
and ERG (electroretinogram) studies to better understand the retinal neurophysiology. I
believe these studies contribute and expand our understanding of sleep across mammals,
and in particular open up many avenues to investigate the role and importance of eye
closure and sleep, including the adaptive value of this surprising sleep variation – sleep
with eyes completely open.
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CHAPTER 2
A comparative study of sleep and diurnal patterns in the house mouse (Mus musculus)
and the African spiny mouse (Acomys cahirinus)
*This work is close to being submitted for publication
Chanung Wang1, Lauren E. Guerriero1, Asmaa A. Ajwad2, Dillon M. Huffman2, Trae C. Brooks1,
Sridhar Sunderam2, Ashley W. Seifert1, and Bruce F. O’Hara1†
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Lexington, KY, 40506-0225

Abstract
In order to better understand the functions and origins of sleep, sleep should be
studied across a variety of species. Although sleep appears to be well conserved across
mammals, > 95% of published sleep studies use just three species: humans, the house
mouse (Mus musculus), and the Norway rat (Rattus norvegicus). The degree to which
sleep in these species captures sleep variation across all mammals remains unknown. To
expand diversity among rodents, this paper aimed to characterize sleep and wake in Acomys
cahirinus, the Cairo spiny mouse, a species in which some circadian biology has been
collected, but for whom sleep behavior remains uncharacterized. First, we used a well
validated, non-invasive, piezoelectric system for sleep and activity monitoring to quantify
sleep architecture in A. cahirinus alongside the well-studied laboratory house mouse (Mus
musculus – outbred Swiss Webster). We also included wild M. musculus in an effort to
control for alterations in sleep behavior that may have occurred in laboratory M. musculus.
Using this comparative framework, we found that while A. cahirinus, lab M. musculus, and
wild M. musculus were primarily nocturnal, they exhibited clearly distinct behavioral
patterns. The activity of A. cahirinus increased sharply at dark onset, which is common
in nocturnal species, but decreased sharply just two hours later. This trend was also seen
in group housing conditions. With Infrared (IR) camera recordings in single and group
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cages, we found that A. cahirinus is more active before midnight than after midnight, and
this decreased activity in the latter half of the night is much greater than in M. musculus.
To more precisely characterize sleep patterns and investigate sleep-related variables in A.
cahirinus in more detail, we set up electroencephalography (EEG) and electromyography
(EMG) recordings in conjunction with IR cameras. Using EEG/EMG we found that A.
cahirinus sleep more than M. musculus during both daytime and nighttime, and that A.
cahirinus exhibit significantly more REM (rapid eye movement) sleep compared to lab
mice. Lastly, we observed that A. cahirinus slept almost exclusively with open eyes.
These differences in sleep raise further questions about A. cahirinus sleep architecture,
adaptations, and evolution.

Introduction
Of the approximately 5,400 extant mammalian species (Wilson, 2005), sleep data
has been gathered on only about 70 (Siegel, 2017). Sleep has been studied extensively in
humans, the house mouse (Mus musculus), and the Norway rat (Rattus norvegicus), but
there is a lack of data for many other mammalian species in existence. REM sleep,
specifically, has been confirmed in all mammals studied so far by behavioral or
electrophysiological measures (Siegel, 2008). Since sleep is a highly conserved process,
the detailed examination of sleep in other mammalian and non-model species is important
to understand the common features and possible functions of sleep, but also the unusual
features of some species that may have evolved for specific needs. (Vorster and Born, 2015).
To make these comparisons, the common features of sleep must be noted first.
Sleep has several criteria that must be met, including rapid reversibility, decreased sensory
responsiveness, and species-specific posture

(Siegel, 2008). As determined with

traditional electroencephalography (EEG) and electromyography (EMG) recordings,
mammals typically begin sleep with an increase in EEG amplitude and decrease in muscle
tone (Kryger et al., 2005). Almost all birds and mammals have two very different kinds
of sleep: REM (rapid-eye-movement) and non-REM; although the amount of REM sleep,
like other sleep parameters, is highly variable. REM sleep is marked by very low EMG
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and low amplitude-high frequency EEG similar to wake, which is why REM is also known
as paradoxical sleep (Brown et al., 2012; Siegel, 2008).
Comparative studies describing unique or unusual phenomena associated with
sleep and circadian rhythms provide interesting opportunities for determining the
physiological basis or the adaptive functions of a given sleep or circadian behavior. Spiny
mice were chosen for this current study, in part, because of interesting flexibility in this
clade for general activity patterns.

Previous studies have investigated two different

Acomys species which share the same habitat, but have adapted to different phase
preferences (Shkolnik, 1971).

Both Acomys cahirinus and Acomys russatus, when

isolated, are nocturnal (Fluxman and Haim, 1993). When the two species are sympatric,
A. cahirinus is nocturnal, which is conventional for desert dwelling rodents, but A. russatus
shift their rhythm to forage during the day and as a result are more diurnal (Fluxman and
Haim, 1993; Gutman and Dayan, 2005). The removal of A. cahirinus from the shared
habitat results in the return of the nocturnal activity of A. russatus, suggesting that A.
russatus has the ability to alter its activity patterns in the presence of competition and
environmental stressors (Fluxman and Haim, 1993). Field observations, trapping studies,
and laboratory investigations suggest that A. russatus may have evolved flexible sleep
patterns and a higher tolerance for heat and aridity than A. cahirinus (Fluxman and Haim,
1993; Gutman and Dayan, 2005; Haim and Fluxman, 1996; Haim and Rozenfeld, 1993).
This competition may have contributed to small evolutionary changes in the circadian
rhythms and sleep behaviors of both species (Levy et al., 2011). These results may also
reflect the adaptive value and stronger role of a food-entrainable oscillator in A. cahirinus
(Chabot et al., 2012).
To better understand sleep diversity among rodents, we aimed to characterize sleep
and wake in Acomys cahirinus, the common spiny mouse, a species in which interesting
circadian biology has been collected, but for whom sleep behavior remains uncharacterized.
As A. cahirinus has become an important model for tissue regeneration (Seifert et al., 2012)
and menstruation studies (Bellofiore et al., 2017). Laboratory populations of these rodents
provide a unique opportunity for detailed study of sleep architecture.,

Spiny mice

(Acomys), including Acomys cahirinus, live in arid areas from the Middle East to southern
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Asia and parts of Africa (Haughton et al., 2016). A. cahirinus are nocturnal, presumably
to avoid intense sunlight and heat, and most likely for better predation avoidance (Shkolnik,
1971). Weber and Hohn did a detailed investigation into the circadian rhythms of A.
cahirinus (Weber and Hohn, 2005). Using infrared motion detectors and running wheels,
A. cahirinus were found to be nocturnal, with their activity beginning at dark onset and
being sustained through the rest of the dark phase. Their circadian phase shifted following
exposure to light as expected and as seen in other species. They used traditional methods
including infrared motion detectors and wheel running measurement to examine the
circadian behaviors of rodents under light entrainment and free-running conditions.
However, there have been no investigations into the sleep behavior of A. cahirinus, or in
any other spiny mouse species.
Here we compare sleep architecture between A. cahirinus, and the common
laboratory mouse, Mus musculus (outbred Swiss Webster), and also local wild caught house
mice (Mus musculus).

While the colony of A. cahirinus at the University of Kentucky

have been kept in captivity for a few generations, they may retain a higher degree of
behavioral and physiological characteristics from the wild than Swiss Webster (SW) or
other common research mice, since the latter have undergone domestication and human
selection for much longer. To ensure that the variability in sleep phenotypes seen between
A. cahirinus and SW M. musculus are due to species differences, we included the wildcaught M. musculus population as well.
To provide a detailed characterization of sleep architecture we used: (1) a noninvasive piezoelectric (or PiezoSleep) system; (2) EEG/EMG, and (3) IR cameras to
measure and quantify sleep. In addition to individual measures, IR camera recordings were
used for group sleep and activity recordings. The Piezo system is a well-validated and
non-invasive technology that measures pressure changes using a piezoelectric film placed
along the bottom of the cage. This system records all movements during wake and
precisely records breathing rhythms during sleep as well (as breathing is essentially the
only movement) (Mang et al., 2014). EEG/EMG, the gold standard for sleep studies,
allowed for more detailed sleep information including discrimination between non-REM
(non-rapid eye movement) and REM (rapid eye movement) sleep.
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Materials and Methods
Animals
A. cahirinus and M. musculus (Swiss Webster Envigro_Harlan Hsd:ND4 (SW))
were housed at the University of Kentucky, Lexington, KY. A. cahirinus were housed at
a density of 10–15 individuals per cage in metal wire cages (24 inch x 18 inch x 16 inch,
height/width/depth; Quality Cage Company, Portland, OR) and fed a 3:1 mixture by
volume of 14% protein mouse chow (Teklad Global 2014, Harlan Laboratories,
Indianapolis, IN) and black-oil sunflower seeds (Pennington Seed Inc., Madison, GA) ad
libitum (Haughton et al., 2016). Swiss Webster (SW) M. musculus were housed at a
density of 2-4 individuals per cage, in standard static microisolator cages, and were fed 18%
protein mouse chow (Tekland Global 2918, Harlan Laboratories, Indianapolis, IN) only.
A. cahirinus and SW M. musculus were maintained and bred in a cycle of 12 hours light
and 12 hours dark (12:12 LD) and later in natural lighting conditions due to the animal
room being moved to a different building at the University of Kentucky. The wild mice
were live-trapped at the C. Oran Little Research Center, operated by the College of
Agriculture at University of Kentucky, using Sherman traps baited with oats and peanut
butter. All wild mice were maintained in group housing in metal wire cages at a density
of 5-12 individuals on 12:12 LD at the wild animal facility (to prevent disease transfer to
the UK colony) for 3 weeks before beginning sleep recordings. Wild mice were given
water and 18% protein mouse chow, ad libitum. The two populations of M. musculus will
be differentiated by the Swiss Webster laboratory mice being referred as “SW M. musculus”
and the wild-caught mice will be referred as “wild M. musculus.” All procedures used in
the study were approved by the Institutional Animal Care and Use Committee (IACUC) of
the University of Kentucky.
Sleep and wake rhythm measurements by the piezoelectric system
Sleep and wake states were determined using a non-invasive, piezoelectric system
(Signal Solutions, LLC, Lexington, KY, USA). This piezoelectric system is described in
detail elsewhere (Donohue et al., 2008; Mang et al., 2014), but is comprised of plexiglass
cages with a piezoelectric film lining the bottom that detects pressure variations due to the
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movement of the animal (Supplementary 2.1). When the animal is sleeping, the primary
pressure variations are from breathing and provide an accurate respiratory trace. Sleep
states are characterized by quasi-periodic signals with low variations in amplitude.
Wakefulness and rest states are characterized by irregular transient and high amplitude
pressure variations corresponding to body movements and weight shifting. Even during
“quiet rest”, subtle head or other movements are sufficient to distinguish rest from sleep
with an accuracy comparable to EEG/EMG (Mang et al., 2014). All animals, spiny mice
(A. cahirinus), house mice (SW M. musculus), and wild mice (M. musculus) were exposed
to LD 12:12 for piezoelectric sleep and activity recordings. Food and water were provided
ad libitum.

IR recording in single and group housing cages
Four IR cameras (ZP-KE1H04-S, Zmodo Technology, China) were set up
surrounding the cage to record movement. Behavior of A. cahirinus and SW M. musculus
were assessed with IR camera recordings in both single and group housing conditions. All
group housing experiments were conducted under natural light conditions that were similar
to LD 12:12, (with a light period spanning from 10.5 to 12.8 hrs), and sleep behavior was
quite similar to our artificial 12:12 LD.

We performed IR camera recording from

September (07:20 sunrise, 19:44 sunset) to early November (08:03 sunrise, 18:38 sunset).
Food and water were provided ad libitum.
In all IR camera recordings, a single animal was observed alone for 4 days (1 day
adjustment and 3 days for sleep quantification). Activity was determined for each minute
bin based on whether the mouse did or did not move. Next, two additional mice of the
same sex were added to form study groups of three for the next 4 days. The activity of
the first mouse, distinguished with black marker on the tail, was continuously traced in all
conditions. After this recording, two more mice were added, to give a total of five animals
in the cage. The entire procedure required a total of 12 days and was repeated for each
sex of A. cahirinus and SW M. musculus.
We also researched the effect of the running wheel on A. cahirinus. During a
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subset of the recordings, as described above, a running wheel (23 cm diameter, Pennine
Metal Play Wheel, United Kingdom) was set up in the group cage without any restriction.
The recorded IR videos were observed and scored manually. Three independent scorers
assessed activity and behaviors in each video blinded to the others’ scores. Activity counts
were grouped into three hour bins for the entire 24 hour recordings. The primary variables
assessed were observation time, species (A. cahirinus and SW M. musculus), sex (male and
female), and number of mice (1, 3, and 5) in the group cage.

EEG/EMG recording
We followed previously described experimental procedures and analysis methods
(Yaghouby et al., 2014). EEG, EMG, and Piezo signals were acquired from male A.
cahirinus and SW M. musculus, along with video, for a 24-h period. EEG and EMG
signals were preamplified (100×) at the head-mount and transmitted via the commutator to
a 50× biosignal amplifier (8200 series, Pinnacle Technology, Inc., Lawrence, Kansas,
USA). Three experimenters independently scored the vigilance state in sequential 4-sec
epochs as wake, REM (rapid eye movement), or non-REM sleep. Wake is characterized
by low amplitude EEG, but relatively high amplitude and variable EMG. REM sleep is
characterized by a theta EEG rhythm (6–9 Hz) and suppressed EMG (except for occasional
muscle twitches). NonREM sleep, which is essentially synonymous with slow wave sleep
in rodents, is characterized by low frequency, large amplitude delta EEG oscillations (0.5–
4 Hz) and low tonic EMG. Vigilance state scores were limited to wake, nonREM sleep,
and REM sleep. Video recordings were used in conjunction with EEG and EMG to
validate each state. All spiny mice (A. cahirinus) and SW M. musculus were exposed to
LD 14:10 for sleep and activity recordings because we performed the EEG/EMG
experiments in July and August (around 14:10 LD cycle), and this LD cycle was close to
the natural lighting conditions where they were housed prior to these EEG studies. Food
and water were provided ad libitum.
Comparisons between Piezo, IR, and EEG data were made by separating the dark
phase into quarters. The first quarter of the dark phase, right after dark onset, will be
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referred to as “early night”. For piezoelectric recordings, early night takes place during
clock time [18:00-21:00]. EEG recordings have early night during [21:00-23:30]. The
next comparisons are made during the third quarter of the dark phase, which will be called
“late night”. Late night takes place during [00:00-03:00] for the piezoelectric recordings.
For the EEG recordings, late night is from [02:00-04:30].

Despite different lighting

conditions due to animal housing logistics, sleep and wake behaviors were quite consistent
across all methods of sleep assessment (see Results).

Statistical analysis
All statistical calculations and analyses were performed using GraphPad Prism
(Version 5.04, GraphPad, San Diego, CA). All data are expressed as the mean ± SD (N
as indicated in the figure legends). One-way analysis of variance (ANOVA) with Tukey’s
multiple comparison post hoc test was performed to determine significant differences
between the daily sleep profiles of the two species, and then Student’s t for independent
measures was applied. For the comparison between species and sexes, the percentage of
wake averaged for each hour of the day was analyzed using two-way ANOVA with
Bonferroni's post hoc test.

All results with p < 0.05 were considered statistically

significant.
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Results
Acomys cahirinus are nocturnal, but show less activity after midnight
We recorded the sleep behavior of A. cahirinus, SW M. musculus, and wild M.
musculus using our piezoelectric system for 6-8 days and confirmed that both species were
primarily nocturnal (Fig. 2.1; Table 2.1). The activity of A. cahirinus sharply increased at
dark onset, which is common in nocturnal species, but then decreased sharply two hours
later (Fig. 2.1A and B). The activity of SW M. musculus exhibited more prolonged
activity across the night as expected (Fig. 2.1C and D). The activity of wild M. musculus
also exhibited common nocturnal behavior, but decreased sharply 3-4 hours before light
onset (Fig 2.1E and F). This drop in activity seen in wild M. musculus is similar to the
drop in activity seen in A. cahirinus, but takes place later in the dark phase. A. cahirinus
spent approximately 29% more time asleep than SW M. musculus during the 24-h cycle
(49% vs. 38%) and around 9% more than wild M. musculus (49% vs. 45%) (Table 2.1).
Wild M. musculus spent approximately 20% more time asleep than the SW M. musculus.
All A. cahirinus, SW M. musculus, and wild M. musculus exhibited more time asleep
during the light phase of the LD 12:12 cycle than the dark phase. However, A. cahirinus
spent significantly more time asleep (approximately 15% during the dark phase, 8% during
the light phase) than SW M. musculus, and spent more time asleep during the dark phase
(approximately 57% more). Interestingly, A. cahirinus spent less time asleep during the
light phase (approximately 8%) than wild M. musculus. Wild M. musculus exhibited
similar dark phase activity as SW M. musculus, but spent much more time asleep during
the light phase than SW M. musculus and A. cahirius, perhaps reflecting a stronger
nocturnality and higher amplitude circadian rhythm of sleep and wake.

During all

intervals, A. cahirinus showed longer bouts than SW M. musculus, but wild M. musculus
had even longer bouts. Also of note, there is larger variation seen in the wild M. musculus
during all phases (Table 2.1).
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Figure 2.1. Representative sleep–wake profiles of A. cahirinus, SW M. musculus, wild
M. musculus recorded by piezoelectric system. The percent wake on the Y-axis is
represented as a sliding average over a 2-h window. Hours of recording are plotted on the
X-axis where 0 represents the midnight of day 1. Dashed vertical lines demarcate the dark
phase, which is also indicated at the bottom as a heavy horizontal black line. (A) A.
cahirinus female (n=18). (B) A. cahirinus male (n=18). (C) Lab(SW) M. musculus
female (n=16). (D) Lab (SW) M. musculus male (n=16). (E) Wild M. musculus female
(n=11). (F) Wild M. musculus male (n=11). Values represent mean ± SD. *P<0.05, **P
< 0.001.

The percentage of sleep and sleep bout length were determined for SW M. musculus (n=32),
wild M. musculus (n=22), and A. cahirinus (n=36) using the piezoelectric system. All
values are % of total recording time. A. cahirinus sleep significantly more during all
phases. Values represent mean ± S.D. *P<0.05, **P<0.01.

Sex differences in activity were analyzed. Daily sleep time percentages of each
species and sex were recorded (formatted as mean ± S.D): A. cahirinus female 48.4 ± 5.8%;

22

A. cahirinus male 49.6 ± 3.8%; SW M. musculus female 38.8 ± 4.4 %; SW M. musculus
male 36.9 ± 4.8%; wild M. musculus female 43.7 ± 4.8; and wild M. musculus male 46.4 ±
5.2%. There were no differences in sleep time percentage, over all time intervals, between
the sexes of A. cahirinus (q(84) = 0.9676, P=0.983), SW M. musculus (q(84)=0.3317,
P=0.999), and wild M. musculus (q(84)=1.857, P=0.777). Daily sleep percentages of both
female and male A. cahirinus were significantly higher than SW M. musculus (female,
q(84)=9.472, P<0.001; male, q(84)=10.07, P=0.001) (Figure 2.2A). During the dark
phase, sleep percentages of both female and male A. cahirinus were still significantly
higher than SW M. musculus (female, q(84)=13.46, P<0.001; male q(84)=14.89, P<0.001)
but also higher than wild M. musculus (female, q(84)=10.63, P<0.001; male q(84)=11.74,
P<0.001) (Figure 2.2C). Sleep time percentages during the light phase for both female and
male A. cahirinus were significantly higher than SW M. musculus (female, q(84)=6.983,
P<0.001; male, q(84)=6.895, P<0.001). Sleep percentage during the light phase of male,
wild M. musculus was significantly higher than the other groups (SW M. musculus,
q(84)=11.72, P<0.001; A. cahirinus, q(84)= 5.799, P=0.001). Female, wild M. musculus
also slept significantly more during the light phase than female SW M. musculus
(q(84)=8.423, P<0.001) (Figure 2.2E). Over 24-hours and the light phase, both female and
male A. cahirinus showed longer sleep bouts than SW M. musculus (Figure 2.2B and E).
During the dark phase, there were no bout differences between A. cahirinus and the other
groups (Figure 2.2D). But wild M. musculus had longer bouts than SW M. musculus and
also had a large variation in bouts lengths between individuals.
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Figure 2.2. Sleep-wake patterns in A. cahirinus, SW M. musculus, and wild M.
musculus. (A, C, and E) Average sleep times as percentages for each species and sex
during (A) 24 hours, (C) the dark phase, and (E) the light phase. (B, D, and F) Depict
average bout length in seconds during (B) 24 hours, (D) the dark phase, and (F) the light
24

phase. A. cahirinus (n=36, 18 males), SW M. musculus (n=32, 16 males), and wild M.
musculus (n=22, 11 males). Values represent mean ± SD. *P<0.05, **P<0.01, ***P<0.001
There were significant main effects of time of day on sleep and on wake as a
percentage of time, when the data were put in 1-h bins and were subjected to ANOVA (F
(23, 2016)=767.4, P<0.001; Table 2.2). Male and female A. cahirinus both exhibited
decreased activity two hours after dark onset, and had low activity (< 60%) for the rest of
the dark phase [00:00-06:00]. In male A. cahirinus, this decrease in activity is more
pronounced, having a bigger decrease than that in the females. This contrasts with SW M.
musculus, in which both females and males showed high activity during late night [00-03]
and across the entire dark period, with many time points having 100% wake (Fig. 2.1C and
D).
Group differences were observed during the dark phase. All animals spent more
time awake at the onset of their active phase. At 20:00 there was a decrease in A. cahirinus
activity, which significantly differed from both SW M. musculus and wild M. musculus
(Table 2.2). By 3:00, wild M. musculus activity decreased, and during the rest of the dark
phase their activity did not differ from A. cahirinus. Within species analysis showed that
there were no sex differences in average sleep percentage, over 24-hours. But when the
timing of sleep was considered, sex differences became evident. Male A. cahirinus
showed a larger decrease in activity after midnight than females (Table 2.2). Male A.
cahirinus also got significantly more sleep than male SW M. musculus and wild M.
musculus. When comparing groups during the light phase, with both sexes combined, it
is shown that wild M. musculus and SW M. musculus had significantly different percent
time awake (except during the 10:00-11:00 bin). This effect was due to difference in males,
with wild M. musculus spending more time awake during the light phase than SW M.
musculus males during the entire light phase.
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Table 2.2. Percent time spent awake in 1-h bins in SW M. musculus, wild M. musculus,
and A. cahirinus over 24 h. Percentage of wake averaged for each hour of the day, by
population and by sex. Both are nocturnal species, with percentage of wake increasing
sharply at dark onset. Notably, A. cahirinus have high wake values (over 80%) for only
two hours after dark onset LD 12:12. Values represent percentage mean ± SD. *P<0.05,
**P<0.01, SW Mus vs. Acomys or SW Mus vs. Wild Mus.

+

P<0.05, ++P<0.01, Acomys vs.

Wild Mus.
Cosinor analysis of wake percentages confirm species differences seen in wake
Through multiple comparisons between species, we found A. cahirinus showed
significantly higher sleep percentage than SW M. musculus and wild M.
musculus. Percentage wake was determined by Piezo and calculated for every 12
minutes. Cosinor analysis was done to confirm the rhythm that can be seen in the sleepwake profiles of A. cahirinus, SW M. musculus, and wild M. musculus (Fig. 2.3A-F). The
findings from cosinor analysis of wake percentage show that the rhythm of A. cahirinus
has a lower MESOR (midline estimating statistic of rhythm) than both SW M. musculus
and wild M. musculus, especially after midnight for the duration of the dark phase (Fig.
2.3A). The rhythm of A. cahirinus was very similar to wild M. musculus from 4:00 to
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6:00. At light onset, A. cahirinus showed a decrease in percent wake and sleep more than
SW M. musculus until 10:00. However, both A. cahirinus and wild M. musculus showed
very similar amplitudes during light onset. Between species, slight sex differences were
seen (Fig. 2.3B and C). Notably, both sexes of A. cahirinus show a decrease in activity
after midnight, but this is more pronounced for males. And this trend holds true when the
data were divided between the sexes (Supplementary Figure 2.2) and supports the hourly
differences of percent wake. The average amplitude during 24 hours in female A.
cahirinus was significantly lower than both female SW and wild M. musculus (q(74)=6.18,
P<0.001; q(74)=9.41, P<0.001). The average MESORs during 24 hours in both female
and male A. cahirinus were significantly lower than both SW and wild M. musculus (female,
q(74)=12.18, P<0.001, q(74)=5.87, P=0.0012; male, q(74)=13.83, P<0.001, q(74)=16.51,
P<0.001) (Supplementary Figure 2.2).

Figure 2.3. Cosinor analysis of wake percentage in A. cahirinus, SW M. musculus, and
Wild M. musculus.

Cosinor analysis of the activity counts gathered by piezoelectric

system. (A) Comparison of species, SW M. musculus, wild M. musculus, and A. cahirinus.
(B) Comparison of males. (C) Comparison of females. Values represent mean amplitude
of wake percent (in 3 minute bins) ± SEM.
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A. cahirinus and M. musculus sleep differently in groups
A. cahirinus maintained in our colony exhibit highly social behavior and under
single-housed conditions often appear lethargic (Haughton et al., 2016). Therefore, in
order to test for differences in sleep and circadian patterns of A. cahirinus between grouphousing and single-housing, we set up four IR cameras surrounding a singly housed animal
to record activity. According to the Piezo data (Fig. 2.1), A. cahirinus showed a sharp
decrease in activity two hours after dark onset. The IR camera recordings showed this
same decrease in activity for A. cahirinus (Fig. 2.4A). By comparing different times
during the dark phase (“early night” [18-21] and “late night” [00-03]) we confirmed that
A. cahirinus were more active during the early night than during late night (Fig. 2.4A).
These observations were consistent with the piezoelectric recordings. The activity of SW
M. musculus was not different during these times.
Visualizing the effect of social group interaction was done by plotting the activities
of both species and both sexes throughout the day (Fig. 2.4B). We found a significant
difference between the activities of the two species. When comparing within each species,
there were differences in activity between female and male A. cahirinus over all time points,
regardless of group size. SW M. musculus did not have these differences between the
sexes. Although we only tracked the activity of the first mouse, all other mice in the cage
had similar behavior (data not shown). When comparing the same sex, the activities of
the males differed between the two species. Females, on the other hand, had highly
variable activity between the species (some days the females would be highly active and
other days would be sedentary) and there appeared to be no difference between species.
To understand the effect of group size on activity levels, we tested different samesex groupings (1, 3, and 5 mice). Analysis was done comparing within each species, and
between group sizes. Group size affects female A. cahirinus activity at [00-03] and [0609] (Fig. 2.4B). The more female spiny mice there were in the cage, there was less overall
activity. In male A. cahirinus, this effect was similar with larger numbers having less
activity, but this was a weaker effect than that seen in females. Both female and male SW
M. musculus had no changes in activity in different group sizes at any time point. Using
these results, we conclude that the activity A. cahirinus during late night differs from both
28

the activity of SW M. musculus at the same time and the activity of A. cahirinus during
other time periods.
While using the IR cameras, we also investigated the impact of a running wheel
on group activity of A. cahirinus. Using groups of 1, 3, and 5 same-sex mice, we recorded
using the same methodology with the addition of a running wheel. According to our
observations, the addition of a running wheel did not change the overall amount of activity
in the different group conditions, but changed the timing of their activity (Fig. 2.4C).
Significant increases in activity took place during late night. Male A. cahirinus were more
active during late night with the wheel in a group of 5, than in smaller groups or when
alone. We observed every animal using the running wheel and at times all the males would
try to run on the wheel at the same time. The females, on the other hand, were more active
with the wheel when alone during late night, than when in groups of 3 or 5 (Fig. 2.4C).
But depending on the day, the group of females were either very active or very sedentary.
Since there was such large variation in our female spiny mice data, these results were not
clear and will require further investigation. We also confirmed with IR camera recordings
what we observed by direct visual observation. A. cahirinus sleep almost exclusively with
their eyes open, with eye closure or even eye blinking being extremely rare. This is being
investigated in separate studies at this time.
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Figure 2.4. IR camera recording results. (A) Comparison between A. cahirinus and SW
M. musculus. A. cahirinus are more active during early night [18-21] than late night [0003] (Student t-test, and One-way ANOVA analysis). (B) The activity plotted on the Y-axis
is represented as movement time during each time period.

(C) Comparisons of A.

cahirinus activity with or without running wheel.

EEG profiling of A. cahirinus show they exhibit significantly more REM sleep
compared to M. musculus
There were no differences in average sleep percentages between sexes in A.
cahirinus. But when the timing of sleep is considered, sex differences become evident.
Male A. cahirinus showed a larger decrease in activity after midnight compared to females.
Male A. cahirinus also slept significantly more compared to male SW M. musculus and
wild M. musculus. To further investigate these findings, males were chosen first for EEG
recordings. We examined sleep in A. cahirinus with traditional EEG and EMG recordings,
the accepted standard for sleep studies in mammals. EEG/EMG recordings were also
done in conjunction with Piezo recordings, which provided valuable information for state
determination. The EEG signals of A. cahirinus were typical of sleep and wakefulness in
other rodents (Walker et al. 1983, Van Twyver, 1962, Franken 1998). Wake was marked
by EEG with a fast frequency and relatively small amplitude, EMG with large variations
in amplitude due to waking behaviors, and Piezo signals were highly variable, but
corresponded with the changes in EMG due to movement. NonREM sleep was marked by
slower frequency signal (0.5–4 Hz) with a markedly larger amplitude than wake.
NonREM EMG was reduced in amplitude and the Piezo showed a regular breathing rate at
3 Hz. REM sleep EEG was marked with faster frequency (4-9 Hz) and small amplitude,
EMG showed a surprisingly high amplitude, but the only movements recorded by the Piezo
were occasional muscle twitches.
According to this study, total wake percentage for A. cahirinus was 47%, while
REM sleep percentage was 15%, and nonREM sleep percentage was 39% (Fig. 2.5A).
Wake percentage for A. cahirinus was significantly less (t=13.23, df=4, P=0.0002) than
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SW M. musculus, and conversely A. cahirinus sleep significantly more. A. cahirinus had
longer sleep bouts (298 seconds) than SW M. musculus (215 sec) (t-4.471 df=4, P=0.011)
(Fig. 2.5B). NonREM sleep percentage was similar for A. cahirinus (39%) and SW M.
musculus (37%). The amount of REM sleep was significantly higher (t=9.99 df=4,
P=0.0006) in A. cahirinus (15%) than SW M. musculus (5.4%). Also, A. cahirinus had
longer REM bouts (71.2 seconds) than SW M. musculus (56.1 seconds) (t=2.967 df=4,
P=0.041).
As expected for nocturnal animals, sleep percentage for A. cahirinus (68%)
increased during the light phase (Fig. 2.5C) and was significantly higher than light phase
total sleep for SW M. musculus (53%) (t=5.322 df=4, P=0.006). This difference between
species was partially due to A. cahirinus having longer sleep bout lengths (437 sec) than
SW M. musculus (248 sec) (t=4.471 df=4, P=0.011) (Fig. 2.5D). This was also due to A.
cahirinus having more REM sleep (22%) than M. musculus (7.3%) (t=7.892 df=4,
P=0.001); A. cahirinus also had longer REM bouts (t=3.419 df=4, P=0.027).
During the dark phase, the active phase for both of these nocturnal species, there
was an increase in wake percent (Fig. 2.5E). SW M. musculus spent significantly more
time awake (72%) than A. cahirinus (67%) (t=2.871 df=4, P=0.045). Also, there is
significantly more REM sleep in A. cahirinus (4.9%) than in SW M. musculus (2.7%)
(t=4.260, df=4, P=0.013). There were no differences between bout lengths of any state
during the dark phase (Fig. 2.5F).
The hypnograms give a representative visualization of the frequent vigilance state
changes in A. cahirinus (Fig. 2.5G) and also showed SW M. musculus having more wake
(Fig. 2.5H). During the light phase specifically, SW M. musculus had shorter sleep bouts
and much less REM sleep than A. cahirinus. Also of note were the frequent REM sleep
bouts during the light phase in A. cahirinus which result in the species’ high amount of
REM sleep.
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Figure 2.5. EEG profiles of male A. cahirinus vs. M. musculus. (A) Daily percentages of
vigilance states. (B) Average bout lengths over 24 h. (C) Percentage of vigilance states during
the light phase [07-21]. (D) Average bout lengths during the light phase. (E) Percentage of
vigilance states for the dark phase [21-07]. (F) Average bout lengths during the dark phase. (G)
Hypnogram from a single A. cahirinus male, showing the transitions between wake (yellow,
bottom), nonREM sleep (blue, middle), and REM sleep (red, top). The horizontal bar at the bottom
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indicates the light phase (yellow) and dark phase (black). (H) Hypnogram from a single SW M.
musculus male. *P<0.05 **P<0.01 ***P<0.001.

To follow up on the Piezo data that showed a reduction in activity during the late
night, we analyzed EEG/EMG profiles of the dark period in more detail (Fig. 2.6). Early
night was designated as the first quarter of the dark phase at clock time [21-23:30], and late
night was designated as the third quarter of the dark phase [02-04:30]. During the early
night, A. cahirinus were awake 80%, while nonREM sleep percentage was 17%, and REM
sleep percentage was 2.5%. When comparing these percentages to the late night period,
there was a decrease in wake (58% during late night, t=3.886 df=4, P=0.0178) and an
increase in nonREM sleep (36% during late night, t=3.520, df=4, P=0.0245). There also
was a non-significant increase in REM sleep percentage (6.5% during late night compared
to 2.5% during the early night). There were no statistical differences when comparing
bout lengths between early night and late night of A. cahirinus.
During the early night, there were no significant differences in state percentage and
bout lengths between A. cahirinus and SW M. musculus. Differences between species were
seen during the late night; SW M. musculus have more wake (71%) than A. cahirinus (58%)
(t=2.936, df=4, P=0.425). Although it did not reach statistical significance, SW M.
musculus had longer wake bouts (397 sec) than A. cahirinus (219 sec). The increase of
sleep in A. cahirinus was also due to more REM sleep in A. cahirinus (6.5%) than SW M.
musculus (2.9%) (t=3.830, df=4, P=0.0186).
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Figure 2.6: EEG profiles for both A. cahirinus and M. musculus during selected times
of the dark phase. (A) Percentages of vigilance states during early night [21-23:30]. (B)
Average bout lengths during early night. (C) Percentages of vigilance states during late
night [02-04:30]. (D) Average bout lengths during late night. (E) Comparisons of early
night and late night for both species (*P<0.05, Student’s t test).
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Discussion
Comparative studies describing the sleep patterns of different species may provide
valuable insights for understanding the adaptive value of specific sleep and circadian
variations across mammals. Current sleep research is limited in its scope of diversity in
sleep, with a majority of sleep publications on humans, laboratory mice (Mus musculus),
and laboratory rats (Rattus norvegicus). As new species are studied, more variety in sleep
is discovered that may change our understanding of sleep. One such example is the dairy
cow (Bos taurus) which undergo wake, nonREM sleep, REM sleep, and an unusual and
perhaps intermediate state called drowsiness which occupies one third of their day
(Ruckebusch, 1972; Ternman et al., 2012). In this study, we found basic EEG parameters
to be “typical” of commonly studied laboratory rodents, but still found interesting
variations in the patterns and amounts of each arousal state, with especially high REM
percent. In addition to significantly more REM sleep, we found the very unusual feature
of sleep occurring with open eyes essentially 100% of the time.
While previous research has demonstrated that A. cahirinus are nocturnal, with
activity consistently increased following dark onset (Chabot et al., 2012; Shkolnik, 1971;
Wilson, 2005), sleep amounts and sleep architecture was not characterized. Our data
obtained usingthe PiezoSleep recordings demonstrated that A. cahirinus sleep more than
SW M. musculus in both the dark and light phase. The activity of A. cahirinus increases
at dark onset, which is common in many nocturnal species, but surprisingly this activity
decreases sharply two hours later, resulting in more sleep during the dark phase. This
finding is different from the reported activity profiles of A. cahirinus by Weber and Hohn
(2005). They state that during individual monitoring, only a small number of spiny mice
showed concentrated activity either early or late in their active phase (Weber and Hohn,
2005). In contrast, our data showed that this decrease of activity two hours after dark
onset is widespread in A. cahirinus, and was consistent across our three different methods
of sleep analysis. According to Gutman and Dayan (2005) (Gutman and Dayan, 2005),
the foraging efficiency of A. cahirinus is much greater than A. russatus. It is possible that
their natural high foraging efficiency allows for this shorter burst of activity at night, and
contributes to the differences we see between A. cahirinus and SW M. musculus.
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In order to understand why A. cahirinus showed different activity and sleep patterns
from M. musculus, we decided to investigate both SW M. musculus and wild-caught M.
musculus. The Piezo system, being non-invasive, allowed for accurate recordings of all
three groups, including the highly aggressive wild caught mice that would be more difficult
to study by traditional sleep methodologies (EEG/EMG). Our wild M. musculus slept
more than SW M. musculus, but A. cahirinus showed higher amounts of sleep than both
SW and wild M. musculus. The variation seen between our wild and SW M. musculus
populations was also seen across many different common inbred strains of Mus that have
been studied (e.g. Franken et al., 1998), however the total amount of sleep and the amount
of REM in A. cahirinus are significantly higher. Also of note, the wild M. musculus
showed a large amount of variation of sleep phenotypes between individuals perhaps
reflecting a higher genetic variation as is typical in most non-domesticated “wild”
populations. However, the logistics of maintaining and studying wild caught mice led us
to focus the remainder of our study on A. cahirinus and our SW M. musculus.
Sleep data was gathered using a variety of methods to provide a comprehensive
measure of sleep architecture. Due to the nature of the piezoelectric system, single
animals were recorded in individual cages. While both species are social animals, A.
cahirinus appears to be more social than M. musculus. During periods of low activity or
during sleep in their group home cages, spiny mice sat huddled together in large groups
more than SW M. musculus. Especially late at night [00-03], spiny mice sit together with
limited individual or group movements.

Because spiny mice have a propensity to

maintain collective groups, this provided an opportunity to study interactions of social
behavior and activity patterns (Ratnayake et al., 2014). We investigated the activity of A.
cahirinus under different social conditions first using IR cameras. In order to study these
social dynamics’ impact on activity of A. cahirinus, animals were separated into different
size groupings (1, 3, or 5) of the same sex. Our data showed that there is a social effect of
activity that is dependent on group size and sex. Female spiny mice in a group of 5, became
significantly less active at [00-03] and [06-09] than when they are alone or in a group of 3.
Similarly, the males followed the same trend of being less active in a larger group. This
may be due to group thermoregulation, with smaller groups of spiny mice needing to stay
active to maintain body temperature. Thermoregulation is often a very social activity, that
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is shared across many species (IJzerman et al., 2015). This group activity also helps
reduce the energy and water costs of maintaining thermoregulation, which are large for
small mammals that lose heat rapidly and need to eat large amounts of food to compensate
(Scantlebury et al., 2006). Acomys show evidence of other mechanisms to prevent water
loss, which is a major concern in their arid environment. They can rapidly regulate their
evaporative water loss to about 14% (which is much lower than 30-40% typically for
mammals) (Daily and Haines, 1981). Because the costs of thermoregulation are reduced
when done through contact with their social group, this is also considered a possible
mechanism to describe A. cahirinus’ extremely social nature (IJzerman et al., 2015;
Scantlebury et al., 2006).
In contrast to A. cahirinus, our data showed no social effect on activity with
increasing SW M. musculus numbers. Because of this social effect seen in A. cahirinus,
their social activity may provide a good model to study the interactions between social
behaviors, group thermodynamics, activity patterns, and sleep amount. Sleep has not been
well investigated in group versus individual housing conditions in any rodent, however,
our limited study in these two species suggests, at the least, there are not dramatic
differences in total sleep times, REM or nonREM, that are dependent on social interaction.
The changes we saw tended to be very subtle and we are pursuing them with additional
studies. Increasing recording times beyond three days may be important to observe group
dynamics and could possibly show a more defined effect of group size on activity levels.
In well studied species, EEG is considered the gold-standard for determining sleep
states. Our study is the first to use EEG to determine sleep states and brain activity
changes in A. cahirinus. Sleep in A. cahirinus showed electrophysiological changes
similar to other rodents and fit the current definitions of sleep (Phillips et al., 2010), with
the possible exception of eye closure (which is under further investigation). Sleep onset
was characterized by a decrease in signal frequency and increase in signal amplitude.
Overall, A. cahirinus were found to sleep more (53% of the total day) than SW M. musculus
(around 42%). This matched other studies on sleep in M. musculus which have been
reported to sleep from 36-48% of the day, and this can vary greatly depending on the strain
(Franken et al., 1998). Another striking difference between species was the duration of
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REM sleep. REM sleep in M. musculus is a small percentage of total time, only 5-6% of
the day, but can also vary widely in different strains (Franken et al., 1998). We found
that A. cahirinus spend much more time (14% of the day) in REM sleep than SW M.
musculus. The implications of this finding are unclear. One possible explanation is that
A. cahirinus are able to get more REM sleep due to their social interactions and group
thermoregulation. The Energy Allocation Model of Sleep states that during REM sleep
thermoregulation is paused and energy is relocated to other processes (Schmidt, 2014).
For a very social animal, A. cahirinus, that share body heat with many individuals, REM
sleep may take place more often because individuals need to use less energy or be less
diligent in maintaining optimal thermoregulation. As Gravett and colleagues recently
discovered, sociality can affect REM sleep episode duration in rock hyrax, Procavia
capensis (Gavett et al., 2017) (PMID: 29201001). They suggested the increase in REM
sleep duration under social conditions might better support thermoregulation strategies.
The adaptive value of getting more REM sleep is not clear, although very high REM sleep
amounts are typical of mammals’ in prenatal and early postnatal development, and may
promote higher levels of synaptic plasticity, as has been shown dramatically in cats with
visual cortex remodeling following the forced closure of one eye (Frank et al., 2001).
Investigations of sleep in new mammalian species are likely to yield new insights
into many fundamental questions about sleep. Some of the sleep variations in A. cahirinus,
especially the high amount of REM, may be connected to other interesting aspects of A.
cahirinus physiology. Fully grown A. cahirinus do not close their eyes during sleep, a
behavior which to our knowledge, has yet to be documented for any mammalian species.
Using IR camera recordings for 3 days in a row, we confirmed that A. cahirinus keep their
eyes open at all times in both LD or DD. EEG/EMG confirmed that A. cahirinus can get
both REM and nonREM sleep with their eyes open. This behavior is seen in healthy
individuals of this species, and has potentially important implications for understanding
and investigating the effects of light and visual processing during sleep. Sleep with eyes
open or partially open occurs in many mammalian species, including sleepwalking in
humans, but to our knowledge occurs only during a small portion of sleep, and has not been
quantified or well documented in any mammal.
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CHAPTER 3
Spiny mice (Acomys cahirinus) sleep with their eyes open
*This work is close to being submitted for publication
Chanung Wang1, Lauren E. Guerriero1, Kyung Sik Jung2, Jesse E. Giles1, Sridhar
Sunderam3, Mark E. Kleinman2, Ashley W. Seifert1, and Bruce F. O’Hara1†

1

Department of Biology, 2Department of Ophthalmology and Visual Sciences, 3Department

of Biomedical Engineering, University of Kentucky, Lexington, KY, 40506-0225

Abstract
To increase our knowledge about the functions and origins of sleep, sleep needs to be
studied across many different species. Unique or unusual variations in sleep behavior may
be of particular interest to better understand the adaptive value of sleep to each species.
Using a well validated, non-invasive, piezoelectric system, infrared (IR) video, and
electroencephalography (EEG) and electromyography (EMG), we found that the African
spiny mouse (Acomys cahirinus) differs in activity and sleep patterns from the house mouse
(Mus musculus) (manuscript under review). By observing IR video recordings, we found
that A. cahirinus do not close their eyes at all when sleeping, during the day or night.
While many species of mammals appear to be capable of sleep with eyes partially open, or
for short periods with eyes fully open, we are not aware of any other mammal that routinely
sleeps 99% of the time with eyes fully open. To further investigate this unusual behavior,
we performed a series of studies in these mice, including how sleep patterns are affected
by bright light flashing during day time, and what (if any) eye structures differ between A.
cahirinus and the normal laboratory mouse (Mus musculus). We also confirmed that the
pupil diameter fluctuates during sleep as was recently observed in laboratory M. musculus
(Yüzgeç et al., 2018). This phenomenon can be seen even better in A. cahirinus given
their fully open eyes. Light flashing was shown to reduce REM (rapid eye movement)
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sleep in A. cahirinus, but had no effect on M. musculus REM sleep percentage.
Histological studies showed A. cahirinus have thinner retinal layers, but much thicker
corneas than M. musculus. Electroretinography (ERG) results, specifically b-wave results,
are significantly different between these two species and raise further questions about the
possibility of limited visual processing during sleep.

This raises further questions

regarding the adaptive value of eyes open sleep to A. cahirius and whether they may have
limited visual processing even during normal sleep.

Introduction
Sleep is characterized by sustained inactivity accompanied by reduced
responsiveness to external stimuli (Zepelin et al., 2005, mammalian sleep, Siegel, 2008).
Inactivity during sleep is distinct from immobility, for example, some cetaceans reportedly
swim while sleeping. Each species has a specific posture during sleep and the rapid
reversibility of sleep distinguishes it from coma and hibernation. In terrestrial mammals,
lateral and sternoabdominal recumbency with eyes closed is the most common sleep
posture (Zepelin et al., 2005). However, there are interesting variations. For example,
horses, elephants, and giraffes can sleep while standing, and many mammals have also
been reported to sleep with their eyes partially open (Zepelin et al., 2005). Choice of
sleeping site is an important element of species-specific sleep behavior, and this varies with
habitat and social organization. Burrows, caves, and trees are common sites due to the
protection from predation. Alternatively, some species, like zebra, sleep in the open field
and appear to be vigilant at all times for protection (Bourliere, 1967; Hediger, 1969;
Hediger. 1980). Another interesting example of the variation of mammalian sleep is the
dairy cow (Bos taurus) which undergo wake, nonREM (non-rapid eye movement) sleep,
and REM sleep along with an unusual and perhaps intermediate state called drowsiness
(Ruckebusch, 1972; Ternman et al., 2012).
Of the approximately 5,400 extant mammalian species (Wilson, 2005), about 70
species have had their sleep behaviors investigated (Siegel, 2017). Sleep has been studied
extensively in humans, the house mouse (Mus musculus), and the Norway rat (Rattus
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norvegicus), but there is a lack of data for most other mammalian species, and even in these
three species, comprising over 95% of all publications, eye closure and sleep has not been
well investigated. In order to extend the knowledge of mammalian sleep, our previous
research has focused on an interesting animal, the African spiny mouse. There have been
several investigations into the circadian behaviors of these mice, but no investigation has
been done on their sleep behavior. In the genus Acomys, the common spiny mouse
(Acomys cahirinus) and the golden spiny mouse (Acomys russatus), have distinctly
different circadian rhythm patterns even though they are of the same genus and cohabitate
in overlapping arid and hot environments. While A. cahirinus are fully nocturnal, A.
russatus are partially diurnal. It has been shown that A. russatus respond to chemical
signals like body odor or musk smell released by A. cahirinus and shift their circadian
rhythms to be more diurnal (Fluxman and Haim, 1993). Therefore, to further investigate
these mice, we chose one, A. cahirinus (the common spiny mouse) for detailed studies of
their sleep in comparison to Mus musculus, a well-studied nocturnal model organism
(manuscript under review). We have found A. cahirinus and M. musculus to be primarily
nocturnal, but with clearly distinct behavioral patterns. The activity of A. cahirinus, a
nocturnal species, sharply increases at dark onset but surprisingly, decreases sharply just
two hours later. Daily sleep time percentages of A. cahirinus are significantly higher than
M. musculus. Surprisingly, when we analyzed the IR camera recordings, we found that A.
cahirinus do not close their eyes while sleeping, day or night, which is the focus of this
manuscript.
Although sleep and eye closure has not been systematically studied in detail, there
are repeated observations that some mammals, and rodents specifically, can sleep with their
eyes halfway open. Mouse and rat eyes, just like human eyes, are sensitive and require
hydration and lubrication (Hirata et al., 2004). The eyelids are responsible for keeping the
eye from becoming dry, and sleeping with closed eyes keeps the eye hydrated and protects
it against foreign objects (Matsumoto et al., 1968). Horses have been reported to sleep
with their eyes either closed or partially open, an indication of lighter sleep (Williams et
al., 2008). Personal accounts from pet owners’ state that their rats or guinea pigs sleep
with opened eyes when they do not feel safe and comfortable. However, to our knowledge,
there have been no scientific reports about sleeping with fully opened eyes other than
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humans under unusual situations such as sleep walking, sleep eating, sleep driving, etc.
Therefore, we decided to investigate the unusual eye-open sleep of A. cahirinus in greater
detail.
In order to observe whether A. cahirinus close their eyes transiently or not, we set
up an infrared (IR) camera to record singly housed animals. As Yüzgeç and colleagues
recently discovered, pupil size fluctuates during sleep, depending on sleep state (Yüzgeç
et al., 2018). Before Yüzgeç and colleagues developed their approach, studies of pupil
size had always been a challenge for an obvious reason: people and animals generally sleep
with their eyes closed. However, with only the IR camera recording setup, we easily
confirmed that the pupil diameter of A. cahirinus fluctuates during sleep, and is much easier
to see than in M. musculus.
To begin to investigate possible visual processing of an opened eye during sleep in
A. cahirinus, we set up a light flashing experiment. We intended to test whether A.
cahirinus might be aware of light information in their surroundings, or not, when asleep.
The resulting behavioral reaction to the extra light differed between A. cahirinus and M.
musculus. Interestingly, the strong light stimulation did not induce eye closure in A.
cahirinus or cause them to turn away from the light source during sleep. After confirming
that A. cahirinus can sleep deeply with their eyes opened continuously, even under light
flashing conditions, we next investigated how A. cahirinus’ eyes might be different,
morphologically and functionally, from other mammals. Our histological data showed A.
cahirinus have thinner retinal layers, but much thicker corneas than M. musculus. For a
functional study of the retina, we set up electroretinography (ERG) recordings, the gold
standard methodology for determining retinal function (Cameron et al., 2008). The ERG
results, specifically b-wave data, are significantly different between the two species. This
raises further questions about how the visual pathways of A. cahirinus may be different,
and may function to some extent during sleep.
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Materials and Methods
Animals
A. cahirinus and M. musculus (Swiss Webster Envigro_Harlan Hsd:ND4 (SW) and
C57BL/6J) were housed at the University of Kentucky, Lexington, KY. A. cahirinus were
housed at a density of 10–15 individuals in metal wire cages (24 inch x 18 inch x 16 inch,
height/width/depth; Quality Cage Company, Portland, OR) and fed a 3:1 mixture, by
volume, of 14% protein mouse chow (Teklad Global 2014, Harlan Laboratories,
Indianapolis, IN) and black-oil sunflower seeds (Pennington Seed Inc., Madison, GA) ad
libitum (Haughton et al., 2016). M. musculus were housed at a density of 2-4 individuals
in standard static microisolator cages, and were fed only 18% protein mouse chow (Tekland
Global 2918, Harlan Laboratories, Indianapolis, IN). A. cahirinus and M. musculus (SW)
were maintained and bred in natural lighting conditions. C57BL/6J mice were maintained
and bred in a cycle of 14 hours light and 10 hours dark (14:10 LD). All animals used were
6-8 months old. In order to do a comparative study of eye structures, we used a pigmented
laboratory mouse (C57BL/6J) because the albino M. musculus (Swiss Webster) we used
for our initial sleep studies do not have pigment in their eyes, which impacts a variety of
eye structures. All animal procedures were approved by the University of Kentucky
Institutional Animal Care and Use Committee (IACUC) under protocol 2007–0127.
IR recording in single housing cage
Four IR cameras (ZP-KE1H04-S, Zmodo Technology, China) (recording resolution-720 P,
recording rate-100 frames per second (fps)) were set up surrounding the cage to record eye
closure behaviors. A. cahirinus and M. musculus (SW) were assessed with IR camera
recordings, and a single animal was observed alone for 2 days (1 day adjustment and 1 day
for quantification for eye closure). The data set contains three, 24 hours recordings, one
from each animal. Activity and eye closure was determined for each minute bin based on
whether the mouse did or did not move, and whether it closed its eyes. The recorded IR
videos were observed and scored manually by three independent scorers, who were blinded
to the others’ scores.
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EEG/EMG recording with Light Flashing
We followed the experimental procedures and analysis methods previously described
(Yaghouby et al., 2014). EEG, EMG, and Piezo signals were acquired from male A.
cahirinus and M. musculus (SW) mice, along with video, for a 24-h period. Sleep and
wake states were determined using a non-invasive, piezoelectric system (Signal Solutions,
LLC, Lexington, KY, USA). The piezoelectric system is described in detail elsewhere
(Donohue et al., 2008; Mang et al., 2014) and is comprised of plexiglass cages with a
piezoelectric film lining the bottom, that detects pressure variations due to the movement
of the animal. EEG and EMG signals were preamplified (10x) at the head-mount and
transmitted via the commutator to a biosignal amplifier (8200 series, Pinnacle Technology,
Inc., Lawrence, Kansas, USA).

Three experimenters independently scored vigilance

states in sequential 4-sec epochs as wake, REM (rapid eye movement), or nonREM sleep.
Wake is characterized by low amplitude EEG, and higher amplitude and highly variable
EMG. REM sleep is characterized by a theta EEG rhythm (6–9 Hz) and suppressed EMG
(except for occasional muscle twitches). NonREM sleep, which is synonymous with slow
wave sleep in rodents, is characterized by low frequency, large amplitude delta EEG
oscillations (0.5–4 Hz) and low tonic EMG. Vigilance states were limited to wake,
nonREM sleep, and REM sleep. Video recordings were used in conjunction with EEG
and EMG to validate each state. Three male M. musculus (SW) and four male A. cahirinus
implanted with EEG/EMG were used for the light flashing experiment.

A 60W

incandescent light bulb (650 lumens), controlled by a circuit board, was set to flash in 10
min cycles: 1 min light flashing on 1 sec then off 1 sec, followed by 9 min lights off. This
cycle was repeated from 10 am until 12 am. All EEG, EMG, Piezo, and IR video data was
recorded 1 hour before the light flashing, during, and after for recovery sleep for 4 hours.
The total experiment lasted 7 hours.
Histology and immunohistochemistry
Harvested intact eyes were placed into Davidson’s solution (100 ml of Glacial Acetic Acid
(Sigma-Aldrich, St. Louis, MO); 300 ml of 95% ethyl alcohol; 200 ml of 10% Neutral
Buffered formalin (VWR, PA, Cat# 16004-126); 300 ml of Distilled Deionized Water) and
incubated at room temperature for 2 days. Fixed eyes were washed three times with PBS,
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three times with 70% (v/v) ethanol and stored at 4°C in 70% (v/v) ethanol. All eye
processing was completed using a rapid microwave histoprocessor (Micron Instruments,
Inc. Carlsbad, CA). The processed eyes were embedded in paraffin (Leica Biosystems,
Buffalo Grove, IL) and 5-mm sections were placed onto Superfrost Plus slides (Fisher
Scientific) or subbed (chromium-gelatin coated) slides.

Immunohistochemical and

hematoxylin and eosin (H&E) staining were performed on deparaffinized and rehydrated
sections. We performed H&E staining using a routine protocol with xylene (VWR, Cat#
89370-088), Harris Hematoxylin (VWR, Cat# 95057-858), 0.5% Acid alcohol (70% EtOH)
(Electron Microscopy Sciences, Cat# 26071-01), Bluing (VWR, Cat# 95057-852), and
Eosin phloxine (VWR, Cat# 10143-138). Immunohistochemistry was performed after
heat-mediated antigen retrieval in sodium citrate (10 mM, pH 6.0). To block non-specific
labeling, retinal sections were incubated with 4% normal goat serum (Jackson
ImmunoResearch Lab, PA, Cat# 005-000-121) in PBST buffer (136 mM NaCl, 11.4 mM
sodium phosphate, 0.1% Tween 20, pH 7.4) for 30 minutes at room temperature. Sections
were incubated overnight at 4°C with primary antibody targeting to bipolar cells (1 mg/mL;
mouse monoclonal Chx10 (E-12), Santa Cruz Biotechnology, Cat# sc-365519) and Müller
cells (1.5 mg/mL; goat polyclonal glial fibrillary acid protein (GFAP)), abcam, Cat#
ab53554). Sections were washed with PBST. For the secondary antibody incubation,
sections were incubated with Alexa Fluor 594-conjugated goat anti-mouse IgG (1 : 1000;
Invitrogen, A11020) and Alexa Fluor 594-conjugated donkey anti-goat IgG (1:1000;
Invitrogen, A11058) for 1 hour.

To counterstain, sections were incubated with the

fluorescent dye Hoechst 33342 (1:2000, Invitrogen, Cat# H3570) for 3 mins and wetmounted with Vectashield hardset (Vector Laboratories, Cat# H-1400) reagent. Brightfield images of histology were taken on Nikon inverted Eclipse Ti microscope using Nikon
NISElements Advanced Research version 4.3 software (Nikon Instruments, Tokyo, Japan).
All representative images in figures represent one of at least n=3 that were observed, unless
otherwise noted in figure legends and were captured at a distance of approximately 0.8-1
mm from the optic nerve head. For measurement of ON-bipolar and Müller cells-positive
cell density and area, ImageJ2 program was used.
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Electroretinography (ERG) recording
Before recording, mice were dark adapted overnight.

Mice were anesthetized by

intraperitoneal injection using 20 μL/g body weight of 6 mg/mL ketamine and 0.44 mg/mL
xylazine diluted in 10 mM sodium phosphate (pH 7.2) containing 100 mM NaCl. Pupils
were dilated with 1% tropicamide. A contact lens electrode was placed on the eye, and a
reference electrode and a ground electrode were placed on the neck between ears in the ear
and on the tail.

Electroretinograms were recorded with the universal testing and

electrophysiologic system (UTAS E-3000; LKC Technologies, Inc., Gaithersburg, MD).
Light intensity was calibrated by the manufacturer and was computer controlled. Mice
were placed in a Ganzfeld stimulator chamber (E2; Diagnosys, Lowell, MA), and scotopic
and photopic responses to flash stimuli were obtained from both eyes simultaneously.
Statistical analysis
All statistical calculations and analyses were performed using GraphPad Prism 6
(GraphPad Software Inc, La Jolla, CA). All data are expressed as the mean ± SD or SEM
(N as indicated in the figure legends). Student’s t test was performed to determine
significant differences of the duration and numbers of halfway close eye, sleep profiles,
and histology results between the two species. ERG results between the two species were
analyzed using two-way ANOVA with Bonferroni’s post hoc test. All results with P <
0.05 were considered statistically significant.

Results
A. cahirinus have eight times bigger eyes, by volume, than M. musculus
We compared the anatomical difference of body and eye size between A. cahirinus
and SW M. musculus. A. cahirinus have large ears, large black eyes, and long noses with
prominent long whiskers (Fig. 3.1). According to Haughton et al. (2016), A. cahirinus
grow to a length (nose to base of tail) of about 90 - 130 mm, with a tail approximately the
same length as the body. Adult A. cahirinus weigh between 30 and 85 g, with six month
old, adult A. cahirinus weighing between 30 and 50 g. According to Berry (1970), house
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mice (M. musculus) grow to 75 - 100 mm (nose to base of tail) with a tail 50 - 100 mm
long. The weight is typically 20 to 45 g. In our measurements, the average length and
weight of five adult A. cahirinus was 110 mm and 54 g and M. musculus was 90 mm and
43 g

A. cahirinus had approximately 22 % longer bodies and weighed 25 % more than

the M. musculus used in our studies (Fig. 3.1A). The heads of A. cahirinus were also
bigger than M. musculus, but with a similar head to body size ratio (Fig. 3.1B). However,
the eyes of A. cahirinus were approximately two times larger in diameter, and roughly eight
times larger by volume, than M. musculus (Fig. 3.1C-E). In our studies, eye diameter was
approximately 3 mm in M. musculus consistent with the literature (Remtulla and Hallet,
1985).

The eye size of A. cahirinus was 5.8 - 6.7 mm, which is very similar to the size

of rat eyes (Hughe, 1979). Rats typically grow to 177 - 250 mm (nose to base of tail) and
300-500 g in weight (Fragaszy and Perry, 2003). In order to compare A. cahirinus’ eye size
against body size to house mouse and rat, we calculated ratios from our measurement
results for three species (n=5, each species). A. cahirinus have a 1:17 ratio of their average
eye size against average body size. M. musculus have 1:30 (eye:body) and rats have 1:35.
A. cahirinus’ eye size is thus proportionately much larger.
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Figure 3.1. Anatomical difference in body and eye size between M. musculus and A.
cahirinus. (A) Body size comparison of anesthetized mice (from above). (B) Head size
comparison of anesthetized mice. (C) Anesthetized M. musculus. (D) Anesthetized A.
cahirinus. (E) Eye size comparison of A. cahirinus (left) and M. musculus (right).
Pigmented eyes from C57BL/6J were similar in size to these albino SW mice.

A. cahirinus sleep with their eyes open
As mentioned in the introduction, we have recently studied sleep patterns of A,
cahirinus (manuscript under review). When we analyzed the IR video recordings of A.
cahirinus in both single or group housing conditions, we found that A. cahirinus do not
close their eyes when sleeping, day or night. A. cahirinus and M. musculus (SW) mice in
single housing conditions were assessed with IR camera recordings. In all IR camera
recordings (720P, resolution and 100 fps, recording rate), a single animal was observed
alone for 2 days (1 day adjustment and 1 day for quantification for eye closure) and three
different mice were recorded for three, 24 hours observations. With our extensive video
recordings, we rarely observed A. cahirinus blinking (0 to 1 time per hour), but M.
musculus blink quite often (averagely 54 times per hour). Notably, A. cahirinus do have
eyelids and will respond to an air puff by blinking and closing their eyes.
Continuous video monitoring show that A. cahirinus keep their eyes open in both
LD (Fig. 3.2A) and DD (Fig. 3.2B). Occasionally, A. cahirinus will partially close their
eyes (Fig. 3.2A, 8 am), but fully closed eyes were not observed. In these instances of
halfway closed eyes, A. cahirinus show no differences in bout length or number of bouts
in LD or DD (Fig. 3.2C and D). The average total time of half-way closed eyes for A.
cahirinus was 86 mins over 24 hours from 3 day recordings in LD and 88 mins in DD,
suggesting that in approximately 12% of their sleep time, they partially close eyes, and 88%
of the time their eyes are completely open.

M. musculus will also occasionally have their

eyes halfway closed during short periods of sleep, but were never observed in our study to
sleep with eyes totally open. Between species comparisons for sleep periods with eyes
partially open, show M. musculus had significantly shorter bouts of halfway closed eyes
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(1.9 mins) than those in A. cahirinus (5 mins) (t=3.242, df=90, P=0.0017). Also, A.
cahirinus are much more likely to close their eyes halfway (25 bouts, over 24 hours) than
M. musculus (7.7 bouts) (t=6.946 df=4, P=0.0023) (Fig. 3.2D).
As Yüzgeç and colleagues recently discovered by examining mice sleeping with
partially open eyes, pupil size fluctuates during sleep depending on the sleep state (Yüzgeç
et al., 2018). Their data show that mouse pupils rhythmically fluctuate during sleep and
that those fluctuations are not at all random; the pupil fluctuation corresponds with changes
in sleep state. Interestingly, with only the IR camera recording setup, we confirmed that
the pupil diameter of A. cahirinus fluctuates with fully open eyes during sleep (Fig. 3.2E).
Due to the illumination of the pupil by the IR light from the cameras, we observed the most
constricted pupils and rapid eye movements representing REM sleep.

This further

supports that A. cahirinus sleep with their eyes fully opened.

Figure 3.2. Validation of A. cahirinus’ lack of eye closure during sleep. (A) IR camera
recordings of A. cahirinus in LD. Inserts show the eye magnified. Occasionally the eye
will close halfway, as seen at 8 am. (B) IR camera recordings of A. cahirinus in DD. Light
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reflected off the eye illuminates pupil size. (C) The duration of bouts when eyes are halfway
closed (N=3 mice, 24-hours data for each). Bars indicate the mean, maximum, and
minimum bout duration. Student’s t test. **A. cahirinus LD vs. M. musculus LD. (D)
Number of bouts when the eyes were halfway closed (N=3 mice, 24-hours data for each),
*A. cahirinus LD vs. M. musculus LD. Values represent counts ± SD. (E) Changes in A.
cahirinus pupil size during sleep. *P<0.05, **P < 0.01

Light flashing selectively reduces REM sleep in A. cahirinus
After confirming that A. cahirinus sleep with eyes open, we set up a light flashing
experiment to determine if light flashes might alter sleep behavior (causing eye closure or
possible waking) and also begin to examine possible visual processing of light entering the
opened eye during sleep, and thus potentially respond to changes in the environment (such
as the appearance of a predator). The light flashing experiment was specifically designed
to disrupt sleep in these nocturnal animals. The light bulb was positioned close to the cage
(Fig. 3.3A) and provided a very bright light stimulation (650 lumens) (Fig. 3.3B). During
the whole 7 hours of the light flashing experiment, M. musculus (SW) (n=3) spent around
47% more time awake than A. cahirinus (n=4) (50.1% vs. 34.1%) (t=4.582, df=5,
P=0.0059). Sleep again differed between our two species, with A. cahirinus getting
significantly more nREM (30% more) and REM (44% more) sleep than M. musculus
(nREM 56% vs. 43.1%, REM 9.8% vs. 6.8%) (nREM t=4.304, df=5, P=0.0077; REM
t=3.783, df=5, P=0.0128) (Fig. 3.3C). Baseline data (during 10 am - 12 pm), show
differences with A. cahirinus sleeping 22% more than M. musculus (69.4% vs. 56.8%)
(t=6.554, df=5, P=0.0012). This difference in sleep amount is partly due to A. cahirinus
(20.8 %) having significantly more REM sleep than M. musculus (6.7%) (t=6.507, df=5,
P=0.0013) (Fig. 3.3D). During this same time period (10 am - 12 pm), the light flashing
stimulus still allowed A. cahirinus to sleep 29% more than M. musculus (67.4% vs. 52.1%)
(t=4.436, df=5, P=0.0068) (Fig. 3.3E). But this difference in sleep amounts for REM and
nREM was changed due to the light stimulus, with A. cahirinus now having 32% more
nREM than M. musculus (60.2% vs. 45.6%) (t=4.738, df=5, P=0.0052). A large 65%
reduction of REM sleep was caused by the light flashing in A. cahirinus (from 20.8% to
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7.2%) (Fig. 3.3F). M. musculus responded differently to the light flashing, by sleeping 8%
less (from 56.8% to 52.1%). The representative hypnograms show that A. cahirinus can
sleep through many of the light flashes (Fig. 3.3G), but M. musculus was awoken by almost
all light flashes (Fig. 3.3H). Interestingly, the strong light stimulation does not make A.
cahirinus close their eyes or turn away from the light source during sleep.

52

Figure 3.3. Response to bright external light stimulation of sleep. (A) Set up of the light
flashing experiment. Tethered EEG/EMG as well as Piezo sensor on the bottom of the cage
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measured sleep. (B) A very bright light stimulation that was specifically chosen to disturb
sleep. (C) Percent sleep during the entire light flashing experiment. Values represent mean
± SD. *P<0.05, **P < 0.01. (D) Baseline sleep during 10 am to 12 pm. (E) Sleep during
the light flashing experiment from 10 am to 12 pm. (F) Change in sleep percentage during
the light flashing experiment. Notably, A. cahirinus had a large reduction of REM sleep.
(G) Representative hypnogram of A. cahirinus during the two hours of light flashing. This
animal was able to stay asleep during the external light stimulation (yellow arrows indicate
the onset of flashing). (H) Representative hypnogram of sleep stages of M. musculus during
the two hours of light flashing. Note that this animal was wakened more frequently and
its sleep was more disturbed by the external light stimulation.

A. cahirinus have thinner retinal layers than M. musculus (BL6)
To investigate how A. cahirinus sleep with eyes open, we compared the eye
morphology between A. cahirinus and M. musculus. We continuously used M. musculus
(SW) for our previous research in this paper. According to other previous research (De
Vera Mudry et al., 2013), however, the study of visual or non-visual responses in albino
mouse lines is typically avoided because albino mice with a deficiency of melanin in the
retinal pigment epithelium (RPE) are more sensitive to light and show impaired visual
function. Therefore, we used the pigmented M. musculus strain C57BL/6J (BL6) for our
eye research.
Histological studies show the differences in eye anatomy between the two species.
(Note: During the paraffin processing and fixation there was slight shrinkage of all eyes.)
The eyes of A. cahirinus were twice as big as eyes from M. musculus (Figure 3.4A and B),
similar to the whole eye in Figure 1 using SW mice. The lens of A. cahirinus is larger than
M. musculus, but they are both proportionate with the lens diameter being 62% of the
diameter of the eye. We next investigated the retina to determine if there were any
morphological differences between species. The retinal layers of both species have the
same composition, but the retinas of A. cahirinus (157 ± 15.8 μm, mean±SD) are thinner
than M. musculus (175 ± 12.2 μm) (t-3.473, df-28, P=0.002) (Figure 3.4C and D). Of the
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layers of the retina, the inner plexiform layer (IPL) was the only layer that is the same
thickness in both species. The ganglion cell layer (GCL) was the only cellular layer that
was larger in A. cahirinus. This is due to the ganglion cells in A. cahirinus being bigger
(83.1 ± 23.3 μm2) than those in M. musculus (67.7 ± 14.1 μm2) (t=3.643, df=76, P=0.005).
Ganglion cell numbers on a linear distance, which can be used as an indirect measure of
number of ganglion cells, show that because A. cahirinus have larger cells, they have less
cells (5.1 ± 0.9 cells across a 50 μm linear distance) than M. musculus (6.1 ± 0.6 cells)
(t=3.356, df=24, P=0.003).

The outer nuclear layer (ONL), which is thinner in A.

cahirinus, have the similar number of outer granules in both species (M. musculus, 11.4 ±
0.6 layers; A. cahirinus, 11.7 ± 0.7) (NS, t=1.268, df=36, P=0.2130). Outer granules of the
ONL of A. cahirinus were significantly more dense (224 ± 11.4 cells in a 50 μm by 50 μm
region) than those in M. musculus (178 ± 5.7 cells) (t=8.119, df=8, P=0.001), meaning that
A. cahirinus have more photoreceptors even though the retinal layers are thinner than M.
musculus. The rest of the retinal layers are thinner in A. cahirinus (Table 3.1).

Table 3.1. Comparison of thickness of retinal layers in M. musculus and A. cahirinus
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The corneas in A. cahirinus are much thicker (153.7 ± 15.0 μm) than M. musculus
(123.8 ± 3.0 μm), primarily due to a much larger stroma (t=4.362, df=18, P < 0.001) (Figure
3.4E and F; Table 3.2). There are also visual differences in the stroma between species as
well, with A. cahirinus having more stromal striae. According to previous research (Bailey,
1987), this corresponds to a large amount of collagen I and V, which implicates that A.
cahirinus eyes have a higher tensile strength than M. musculus’ eyes.

Table 3.2. Comparison of thickness of corneal layers in M. musculus and A. cahirinus
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Figure 3.4. Comparative histology of A. cahirinus and M. musculus eyes. All samples
stained with H&E. (A) Whole M. musculus eye. Scale bar: 1000 μm. (B) Whole A.
cahirinus eye. Scale bar: 1000 μm. (C) Retinal layers of M. musculus. (GCL, ganglion cell
layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;
ONL, outer nuclear layer; IS+OS, inner and outer photoreceptor segment) Scale bar: 50
μm. (D) Retinal layers of A. cahirinus. Scale bar: 50 μm. (E) Corneal layers of M. musculus.
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Scale bar: 50 μm. (F) Corneal layers of A. cahirinus. Scale bar: 50 μm. Note that the stroma
is much thicker than that in M. musculus.

Electroretinography (ERG) results, specifically b-wave results, are significantly
different between the two species
To study the electrical properties of the eyes, simultaneous ERG recordings were
done on both eyes of each animal. The rod-mediated responses were recorded at a range
of light intensities (-5 to 1 cds/m2) after overnight dark-adaptation. The representative
traces of each stimulus intensity can be seen in Figures 3.5A and B. The ERG is generated
by different individual cell types in the retina. The initial negative wave (a-wave) recorded
after a bright full-field stimulus is generated by photoreceptor phototransduction, while the
prominent positive wave (b-wave) is mainly generated by depolarization of ON-bipolar
cells and Müller cells (Dowling, 1987; Frishman, 2006). The a-wave was very similar for
both species (Fig, 3.5C). The last three light stimulation intensities (steps 4 to 6) caused
the following a-wave amplitudes of M. musculus (BL6): 48.1 ± 23.6 μV by -1.4 log cd s/m2
of light stimulation, 198 ± 35.3 μV by -0.2 log cd s/m2, and 306.6 ± 57.3 μV by 1.0 log cd
s/m2 (all following ERG responses will follow this same format). The a-wave results were
no different than the response of A. cahirinus (31.7 ± 9.8 μV, 167.1 ± 12.4 μV, 313.5 ± 29.9
μV), showing no difference in the activity of rods and cones. However, large differences
were seen in the b-wave for light intensities above -2.6 log cd s/m2 (Fig. 3.5D). M.
musculus responded much less (326.2 ± 53.4 μV, 422.6 ± 64.2 μV, 521.3 ± 133.4 μV) than
A. cahirinus (890.9 ± 116.1 μV, 1046.1 ± 157.9 μV, 1207 ± 151.9 μV). This indicates that
there might be differences in the ON-bipolar and Müller cells causing A. cahirinus’ eyes to
have this much larger response.
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Figure 3.5. Electrical activity of the retina showed differences between species.

(A)

Representative waveform and amplitude responses in M. musculus (BL6). (Step 1 = -5.0
log cd s/m2; step 2 = -3.8; step 3 = -2.6; step 4 = -1.4; step 5 = -0.2; step 6 = 1.0) (N=6 eyes
each species, from 3 animals) (B) Representative waveform and amplitude responses in A.
cahirinus. (Steps are the same as A). (C) A-wave showing the activity of rods and cones.
(D) B-wave indicating the activity of a mixture of cells including photoreceptors, bipolar,
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amacrine, and Muller cells. Values represent mean ± SD. Two-way ANOVA, Bonferroni
post-hoc test *P<0.001
A. cahirinus have more Müller cells expressing GFAP immunoreactivity in the retina
than M. musculus
After observing significantly higher b-wave results in A. cahirinus, we
investigated whether bipolar cell populations in the retina layers of A. cahirinus are
different from M. musculus. However, there was no difference in bipolar cell populations
between the two species. The bipolar cell numbers of A. cahirinus (32 ± 1.9 cells in a 50
μm by 50 μm region) were similar to those in M. musculus (33 ± 2.4 cells) (t=1.092, df=16,
P=0.2910), (Supplementary figure 3.2). After confirming immunostaining results for
bipolar cell populations, we then examined Müller cell populations between two species.
As Müller cells having GFAP immunoreactivity were located and mostly limited to inner
margin of the retina at the GCL, we measured the area of Müller cells expressing GFAP in
a 50 μm by 400 um region including the entire GCL area. The average areas of Müller cells
in A. cahirinus (524.2 ± 195.1 μm2 in a 50 μm by 400 μm region, n=6) were significantly
bigger than those in M. musculus (316.5 ± 67.9 μm2, n=6) (t=2.464, df=10, P=0.0335)
(Figure 3.6). Our results showed that A. cahirinus have more Müller cells having GFAP
immunoreactivity that located to inner margin of the retina than M. musculus.
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Figure 3.6. A. cahirinus have more Müller cells in the retina than M. musculus (A) M.
musculus Müller cells stained with GFAP antibody. (B) M. musculus stained with Hoechst
33342. (C) Merge of M. musculus (GFAP+Hoechst). (D) A. cahirinus Müller cells stained
with GFAP antibody. (E) A. cahirinus stained with Hoechst 33342. (F) Merge of A.
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cahirinus (GFAP+Hoechst). Scale bars represents 50 μm. (G) The average areas of Müller
cells in a 50 μm by 400 um region including the entire GCL area in two species (eyes (n=3),
measured samples (n=6)). Data are expressed as average area ± SD *P<0.05, Student’s t
test.

Discussion
Sleeping with eyes fully opened is a rare behavior in mammals. We confirmed by
multiple methods that healthy, adult A. cahirinus normally sleep with their eyes fully open
or half-way closed. According to our observations, pups and sick adult A. cahirinus
appear to sleep with their eyes closed. A. cahirinus are considered to be more precocial
compared to other murid rodents, because newborn pups show an advanced stage of
development (Haughton et al., 2016). Pups are born with hair, with eyes open, and ears
unfolded, and they can eat dry food from the second day of life (D’Udine et al., 1980).
Based on our observations of younger pups, A. cahirinus begin life sleeping with their eyes
closed. Then, around 3 or 4 weeks, they begin sleeping with their eyes halfway or fully
open (data not shown). Also, when A. cahirinus are injured or ill, they close their eyes
more often and appear to sleep with their eyes closed. Isolated adult M. musculus exhibit
lateral and sternoabdominal recumbency during sleep, often with curling their body or
tucking their head under their body (Supplementary Figure 3.1). Adult A. cahirinus
exhibit different sleep posturing when isolated, only exhibiting sternoabdominal
recumbency and have never been observed to curl up or tuck their head.
Based on our measurements, A. cahirinus are a larger species with 22 % longer
bodies and weighing about 25 % more than M. musculus. The head of A. cahirinus is also
bigger than M. musculus, but both species have a similar head to body size ratio.
Interestingly, however, the eyes of A. cahirinus were approximately two times larger in
diameter, or eight times larger by volume, than M. musculus. The eye size of A. cahirinus
is very similar to the size of rat eyes, a much larger rodent. Based on literature searches,
many other species in the Acomys genus also have big and black eyes (Nowak, 1999; Hoath,
2009). Evolutionarily, eyes show a wide range of adaptations to meet the requirements of
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the organism. When we first discovered that A. cahirinus sleep with their eyes open, we
originally hypothesized that A. cahirinus may have a nictitating membrane that covers the
entire eye to protect and hydrate. However, from direct observations, IR recording data,
and numerous dissections, we found no evidence of nictitating membrane coverings like
those seen in fish, amphibians, reptiles, birds, cats, dogs, camels, and other mammals
(Butler and Hodos, 2005).
As Yüzgeç and colleagues recently discovered, pupil size fluctuates during sleep,
depending on sleep state (Yüzgeç et al., 2018). Before Yüzgeç and colleagues developed
their approach using partially open eyes, studies of pupil size had always been a challenge
for an obvious reason: people and animals generally sleep with their eyes closed.
However, with only the IR camera recording setup, we easily confirmed that the pupil
diameter of A. cahirinus fluctuates during sleep. To quantify eye closure and pupil size
fluctuations, we set up single animal recordings using IR camera. The light from the
camera was able to illuminate the pupil, which varied in size during A. cahirinus’ sleep.
This coupling of pupil size and sleep state is primarily mediated by the parasympathetic
nervous system and might provide a protective function during sleep by blocking visual
input (Yüzgeç et al., 2018). A. cahirinus, with their opened eyes during wake and sleep,
could make a good candidate for further studies to monitor parasympathetic output by
examining pupil size fluctuations.
The light flashing experiment was designed to determine if external bright light
stimulation disrupted sleep. M. musculus responded to the stimulation, by waking up and
actively turning away from the light source, which resulted in a 4.3 % decrease in sleep.
In contrast, A. cahirinus did not actively try to avoid the light stimulation (Supplementary
Video 2). Total sleep amount was less disrupted in A. cahirinus, with only a 2% increase
in wake. What is more striking was the large reduction in REM sleep (64% reduction,
from 20% REM sleep baseline to 7.2% REM sleep during light stimulation). It is unclear
why there is a reduction of REM sleep resulting from the light flashing. The light flashing
experiment may also cause stress in the animals, which may explain the reduction of REM
sleep seen in A. cahirinus. Studies in rats have shown that acute mild-stress causes a
reduction in REM (Cheeta et al., 1997). The light flashing caused no changes in REM
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amount in M. musculus, which either points to A. cahirinus being more stressed by the light
flashing due to sleeping with eyes open or a species different response to light stimulation.
Future studies could include determining the impact of REM reduction on other aspects of
A. cahirinus physiology.
As we described, the eyes of A. cahirinus are approximately two times larger in
diameter, which is eight times larger by volume, than M. musculus. The retinal layers of
both species have the same composition, but the retina of A. cahirinus are thinner than M.
musculus. Interestingly, ganglion cells are larger in A. cahirinus, causing the ganglion cell
layer to be thicker than in M. musculus. The ONL was thinner in A. cahirinus although
the number of outer granules layers were the same between species due to the higher
density of granules.
Our ERG recordings showed that the a-wave amplitude in M. musculus was no
different than the response in A. cahirinus, suggesting that there is no difference in the
activity of rods and cones. Large differences were seen in the b-wave amplitude between
species; A. cahirinus had a significantly higher response than M. musculus. This indicates
that there might be differences in the ON-bipolar and Müller cells causing A. cahirinus’
eyes to have this larger response. According to our immunostaining results, there was no
difference in the anatomy or numbers of bipolar cells in same retina areas between the two
species (Supplementary Figure 3.2). However, A. cahirinus have more Müller cells having
GFAP immunoreactivity that are located in the inner margin of the retina than M. musculus.
Müller cells are the principal glial cell of the retina that form architectural support as a glue
between retinal neurons (Tackenberg et al., 2009). According to previous research, in
Müller cells in normal retinas, GFAP immunoreactivity was virtually limited to the inner
margin of the retina and co-localized with astrocyte. And Müller cells are activated and
extended into the subretinal space when the retina were exposed to stress condition and
injury (Fernández-Sánchez et al., 2015). Our results showed that A. cahirinus have more
Müller cells having GFAP immunoreactivity that located to inner margin of the retina than
M. musculus. It might suggest that the retina in A. cahirinus was not exposed to stress and
damage even though A. cahirinus sleep with eyes open. As we described, the eyes of A.
cahirinus are approximately two times larger in diameter than M. musculus. Our data thus
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suggests that A. cahirinus have more total bipolar cells in their retinal layers. Also, A.
cahirinus might have more Müller cells than M. musculus. These results may contribute to
the larger b-wave response in A. cahirinus’ eyes.

More investigations are needed to more

fully understand this difference between species in the neurotransmission rate of bipolar
cells and the activity of Müller glia and ganglion cells.
A. cahirinus continuously keep their eyes open. The cornea layers, especially
epithelium layer, are continuously dried by air yet appear to suffer no damage. According
to previous research (Ali et al., 2017), central corneal thickness of dry eyes was
significantly reduced when compared with age- and sex-matched populations in humans.
Chronic desiccation in dry eyes causes corneal thinning via inflammatory mediators. Also,
another research team showed that patients with dry eye exhibit corneal hypoesthesia after
mechanical, thermal, and chemical stimulation that is related to damaging of the corneal
sensory innervation (Bourcier et al., 2005).

The desiccation tolerance A. cahirinus’

corneas may be related both to their thickness and to the regenerative ability of this animal.
A. cahirinus are able to fully regenerate skin and the complex structures of that organ
(including glands, dermis and cartilage) (Seifert et al., 2012). The continuous exposure to
air and other irritants damages the eye, and maybe A. cahirinus have a greater ability for
corneal layer regeneration, such as they do for skin. Another problem to keeping eyes
open is the potential for debris and damage to occur during sleep. The thick stroma of the
cornea, which has many striae, is more protective of the A. cahirinus’ eye. Future studies
include determining the corneal regeneration ability in A. cahirinus’ eye.
There is a lack of comprehensive knowledge on eye closure and sleep. No other
mammal has been reported to sleep with their eyes continuously opened. A variety of
animals have been reported to sleep with one eye open, including cetaceans, crocodilians,
many birds, and fruit bats (Lyamin et al., 2002; Lyamin et al., 2005; Kelly et al., 2015;
Rattenborg et al., 1999). In most examples, this is tied to unihemispheric sleep with the
contralateral eye closing as one hemisphere sleeps at a time. Having eyes partially open
during sleep is not unusual, as it has been reported in sheep, cows, and horses (Ruckebusch,
1972; Williams et al., 2008). This partial eye closure in horses has been indicated to take
place during lighter sleep, since eyes fully close during deeper sleep (Williams et al., 2008).
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Our data show that this is not true for A. cahirinus, since they can get deep sleep when their
eyes are fully open. Again, while some other mammals can sleep with eyes half open, or
short periods fully open, this is the first report of eyes open 100% of the time, raising
questions regarding the adaptive value of this unusual behavior.
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CHAPTER 4
Conclusions

In this study, I aimed to characterize sleep and wake in Acomys cahirinus, the Cairo
spiny mouse, in greater detail. As I mentioned before, sleep has been studied extensively
in humans, the house mouse (Mus musculus), and the Norway rat (Rattus norvegicus), but
there is a lack of data for most other mammalian species. In order to extend the knowledge
of mammalian sleep, I performed this comparative study of sleep, circadian biology, and
eye closure in the house mouse (M. musculus) and the African spiny mouse (A. cahirinus)
with various approaches. I used a piezoelectric system, a well validated non-invasive
technology, for sleep and activity monitoring for both species. I confirmed A. cahirinus, M.
musculus, and wild M. musculus to be primarily nocturnal, but with clearly distinct
behavioral patterns. The activity of A. cahirinus increases sharply at dark onset, but
decreases sharply just two hours later. A. cahirinus spent significantly more time asleep
(approximately 15% during the dark phase, 8% during the light phase) than SW M.
musculus, and spent more time asleep during the dark phase (approximately 57% more).
Interestingly, A. cahirinus spent less time asleep during the light phase (approximately 8%)
than wild M. musculus. Wild M. musculus exhibited similar dark phase activity as SW M.
musculus, but spent much more time asleep during the light phase than SW M. musculus
and A. cahirius, perhaps reflecting a stronger nocturnality and higher amplitude circadian
rhythm of sleep and wake. After confirming that A. cahirinus sleeps more than both SW
and wild M. musculus during the entire day and especially during the dark phase, I set up
electroencephalography (EEG) and electromyography (EMG) recordings in conjunction
with IR cameras to more precisely characterize sleep patterns and investigate sleep-related
variables in A. cahirinus in more detail. EEG/EMG recordings confirmed that A. cahirinus
sleep more than M. musculus during both daytime and nighttime, and have significantly
more REM sleep (more than double). Also, I confirmed that sleep percentage after midnight
of A. cahirinus is higher than before midnight. Why does A. cahirinus sleep more than M.
musculus? The implications of this finding are unclear. As I mentioned in chapter 2, one
possible explanation is that A. cahirinus are able to get more REM sleep due to their social
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interactions and group thermoregulation. The Energy Allocation Model of Sleep states that
during REM sleep, thermoregulation is paused and energy is relocated to other processes
(Schmidt, 2014). For a very social animal, A. cahirinus, that share body heat with many
individuals, REM sleep may take place more often because individuals need to use less
energy for thermoregulation. A second possible explanation may be connected to other
interesting aspects of A. cahirinus physiology. Based on our observations, fully grown A.
cahirinus do not close their eyes while sleeping, day or night. In order to understand this
unusual and surprising sleep behavior, I began a series of investigations to try and
understand how A. cahirinus sleep with their eyes fully open.
In the second part of my thesis (Chapter 3), I performed a series of studies,
including how sleep patterns are affected by bright light flashing during the day time, and
what (if any) eye structures differ between A. cahirinus and the normal laboratory mouse
(Mus muculus). I confirmed that the pupil diameter fluctuates during sleep in A. cahirinus
as was recently observed in laboratory M. musculus (Yüzgeç et al., 2018) during periods
when they sleep with eyes partially open. Light flashing was shown to reduce REM sleep
in A. cahirinus, but had no effect on REM sleep percentage in M. musculus. Histological
studies showed A. cahirinus have thinner retinal layers, but much thicker corneas than M.
musculus. The ERG recordings showed that the a-wave amplitude in M. musculus was no
different than the response in A. cahirinus, suggesting that there is no difference in the
activity of rods and cones. However, in the b-wave amplitude, A. cahirinus had a
significantly higher response than M. musculus. This indicates that there might be
differences in the ON-bipolar or Müller cells causing A. cahirinus’ eyes to have this larger
response in the b-wave. According to the immunostaining results, there was no difference
in the anatomy or numbers of bipolar cells in similar retina areas between the two species.
However, a similar density of cells still results in A. cahirinus having more total bipolar
cells in their retinal layers, due primarily to their larger eye size. Interestingly, A. cahirinus
have more Müller cells having GFAP immunoreactivity that are located to the inner margin
of the retina than M. musculus. This may very well contribute to A. cahirinus’ eyes having
a larger b-wave response. Müller cells in normal retinas are located at the inner margin of
the retina. Interestingly, it might suggest that the retina in A. cahirinus was not stressed and
damaged even though they sleep with eyes open. However, more investigations are needed
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to understand this difference between species in neurotransmission rate of bipolar cells and
the activity of Müller glia and ganglion cells.
It suggested that A. cahirinus have more bipolar cells in their retinal layers due
primarily to their larger eye size. A. cahirinus’ eyes may have a larger b-wave response.
More investigations are needed to understand this lager response in the b-wave for A.
cahirinus retina in the neurotransmission rate of bipolar cells and the activity of Müller
glia and ganglion cells. One more interesting finding was that the cornea layers in A.
cahirinus were much thicker than M. musculus even though A. cahirinus continuously keep
their eyes open. Keeping eyes open inceases the potential for debris and damage to occur
during sleep. The desiccation tolerance of A. cahirinus’ corneas may be related both to their
thickness and to the regenerative ability of this animal. This raises further questions about
A. cahirinus sleep architecture relating to sleep with eyes open and the corneal regeneration
ability in A. cahirinus’ eye.
Another intriguing aspect of this finding, is whether A. cahirinus can “see” to some
extent during sleep, and whether this is what drove the adaptation. Even if only very
limited visual processing is done during sleep, it might trigger certain beneficial behaviors
if the light information suggests a possible predator, competitor, or other threat. Behavioral
tests during sleep to various light stimuli would be interesting studies on which to followup my research done thus far. For example, one could present a predator and determine if
there is any behavioral response, or even a change in EEG patterns. This could be done
behind some enclosure to avoid stimulated olfactory or other cues, or perhaps multiple
sensory modalities are needed. In either case, like much of research, my results present
more questions than have thus far been answered.
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APPENDIX
Supplementary Figures

Supplementary Figure 2.1. Experiment setups for piezoelectric system and IR camera
recording. (A) Piezoelectric system with IR temperature sensor and video camera, (B) A
group cage with four IR camera set-up. The top IR camera covered whole area of bottom
to observe the activity of spiny mouse.
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*P<0.05,

**P<0.01,

Supplementary Figure 3.1. Validation of M. musculus (SW) mouse sleep with eyes
closed. (A) Species specific posture of M. musculus. (B) Progression of eye closure during
sleep. At sleep onset, eyes may be halfway open, but will be fully closed for the majority
of sleep bouts.
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Supplementary Figure 3.2. The number of bipolar cells is the similar between species.
(A) M. musculus bipolar cells stained with Chx10 antibody. (B) M. musculus stained with
Hoechst 33342. (C) Merge of M. musculus (Chx10+Hoechst). (D) A. cahirinus bipolar cells
stained with Chx10 antibody. (E) A. cahirinus stained with Hoechst 33342. (F) Merge of
A. cahirinus (Ch10+Hoechst). Scale bars represents 50 μm. (G) The average number of
bipolar cells in two species

74

REFERENCES
1. Affanni, J.M., Cervino, C.O., and Marcos, H.J. (2001). Absence of penile erections
during paradoxical sleep. Peculiar penile events during wakefulness and slow wave
sleep in the armadillo. J Sleep Res 10, 219-228.
2. Ali, N.M.; Hamied, F.M.; Farhood, Q.K. Corneal thickness in dry eyes in an Iraqi
population. Clin. Ophthalmol. 2017, 11, 435–440.
3. Armstrong, D.M., Saper, C.B., Levey, A.I., Wainer, B.H., and Terry, R.D. (1983).
Distribution of cholinergic neurons in rat brain: demonstrated by the
immunocytochemical localization of choline acetyltransferase. J Comp Neurol 216,
53-68.
4. Arnason, B.B., Thornorsteinsson, H., and Karlsson, K.A.E. (2015). Absence of
rapid eye movements during sleep in adult zebrafish. Behav Brain Res 291, 189194.
5. Aserinsky, E., and Kleitman, N. (1953). Regularly occurring periods of eye
motility, and concomitant phenomena, during sleep. Science 118, 273-274.
6. Ayala-Guerrero, F., and Huitron-Resendiz, S. (1991). Sleep patterns in the lizard
Ctenosaura pectinata. Physiol Behav 49, 1305-1307.
7. Bailey, A. J. Structure, function and ageing of the collagens of the eye. Eye (Lond).
1, 175–83 (1987)
8. Bellofiore, N., Ellery, S.J., Mamrot, J., Walker, D.W., Temple-Smith, P., and
Dickinson, H. (2017). First evidence of a menstruating rodent: the spiny mouse
(Acomys cahirinus). Am J Obstet Gynecol 216, 40 e41-40 e11.
9. Benington, J.H., and Frank, M.G. (2003). Cellular and molecular connections
between sleep and synaptic plasticity. Prog Neurobiol 69, 71-101.
10. Benington, J.H., and Heller, H.C. (1995). Restoration of brain energy metabolism
as the function of sleep. Prog Neurobiol 45, 347-360.
11. Bernard, S., Gonze, D., Cajavec, B., Herzel, H., and Kramer, A. (2007).
Synchronization-induced

rhythmicity

of

circadian

oscillators

in

the

suprachiasmatic nucleus. PLoS Comput Biol 3, e68.
12. Berry, R. J. (1970). The natural history of the house mouse. Field Stud. 3, 219-62

75

13. Borbely, A.A. (1982). A two process model of sleep regulation. Hum Neurobiol 1,
195-204.
14. Borbely, A.A., and Achermann, P. (1999). Sleep homeostasis and models of sleep
regulation. J Biol Rhythms 14, 557-568.
15. Bourcier T, Acosta MC, Borderie V, et al. Decreased corneal sensitivity in patients
with dry eye. Invest Ophthalmol Vis Sci. 2005;46:2341--5
16. Bourliere F: The Natural History of Mammals, 3rd ed. New York, Alfred A Knopf,
1967.
17. Brown, R.E., Basheer, R., McKenna, J.T., Strecker, R.E., and McCarley, R.W.
(2012). Control of sleep and wakefulness. Physiol Rev 92, 1087-1187.
18. Butler, Ann B.; Hodos, William (2 September 2005). Comparative Vertebrate
Neuroanatomy: Evolution and Adaptation. John Wiley & Sons. p. 215. ISBN 9780-471-73383-6.
19. Cameron, M.A., Barnard, A.R., Lucas, R.J., 2008. The electroretinogram as a
method for studying circadian rhythms in the mammalian retina. J. Genet. 87, 459–
466.
20. Campbell, S.S., and Tobler, I. (1984). Animal sleep: a review of sleep duration
across phylogeny. Neurosci Biobehav Rev 8, 269-300.
21. Chabot, C.C., Connolly, D.M., and Waring, B.B. (2012). The effects of lighting
conditions and food restriction paradigms on locomotor activity of common spiny
mice, Acomys cahirinus. J Circadian Rhythms 10, 6.
22. Cheeta S, Ruigt G, van Proosdij J, Willner P: Changes in sleep architecture
following chronic mild stress. Biol Psychiatry 1997;41:419–427.
23. Conklin, E.E., Lee, K.L., Schlabach, S.A., and Woods, I.G. (2015). VideoHacking:
Automated Tracking and Quantification of Locomotor Behavior with Open Source
Software and Off-the-Shelf Video Equipment. J Undergrad Neurosci Educ 13,
A120-125.
24. D’Udine B, Gerosa E, Drewett RF. 1980. Maternal behavior and the milk ejection
reflex in a precocial murid (Acomys cahirinus). Behav Neural Biol 28:378–381.
25. Daan, S., Beersma, D.G., and Borbely, A.A. (1984). Timing of human sleep:
recovery process gated by a circadian pacemaker. Am J Physiol 246, R161-183.
76

26. Daily, C.S., and Haines, H.B. (1981). Evaporative water loss and water turnover in
chronically and acutely water-restricted spiny mice (acomys cahirinus).
Comparative Biochemistry and Physiology Part A: Physiology 68, 349-354.
27. Davimes, J.G., Alagaili, A.N., Bhagwandin, A., Bertelsen, M.F., Mohammed, O.B.,
Bennett, N.C., Manger, P.R., and Gravett, N. (2018). Seasonal Variations in Sleep
of Free-Ranging Arabian oryx (Oryx leucoryx) under Natural Hyper-Arid
Conditions. Sleep.
28. Davis, H., Davis, P.A., Loomis, A.L., Harvey, E.N., and Hobart, G. (1937). Changes
in Human Brain Potentials during the Onset of Sleep. Science 86, 448-450.
29. de Lecea, L., Kilduff, T.S., Peyron, C., Gao, X., Foye, P.E., Danielson, P.E.,
Fukuhara, C., Battenberg, E.L., Gautvik, V.T., Bartlett, F.S., 2nd, et al. (1998). The
hypocretins: hypothalamus-specific peptides with neuroexcitatory activity. Proc
Natl Acad Sci U S A 95, 322-327.
30. De Vera, L., Gonzalez, J., and Rial, R.V. (1994). Reptilian waking EEG: slow
waves, spindles and evoked potentials. Electroencephalogr Clin Neurophysiol 90,
298-303.
31. Donohue, K.D., Medonza, D.C., Crane, E.R., and O'Hara, B.F. (2008). Assessment
of a non-invasive high-throughput classifier for behaviours associated with sleep
and wake in mice. Biomed Eng Online 7, 14.
32. Dowling, J. E. (1987). The Retina. An approachable part of the brain. Cambridge,
Massachusetts, and London, England: The Belknap Press of Harvard University
Press)
33. Fernandez-Sanchez, L., Lax, P., Campello, L., Pinilla, I., and Cuenca, N. (2015).
Astrocytes and Muller Cell Alterations During Retinal Degeneration in a
Transgenic Rat Model of Retinitis Pigmentosa. Front Cell Neurosci 9, 484.
34. Flanigan, W.F., Jr., Knight, C.P., Hartse, K.M., and Rechtschaffen, A. (1974). Sleep
and wakefulness in chelonian reptiles. I. The box turtle, Terrapene carolina. Arch
Ital Biol 112, 227-252.
35. Frishman, L. J. (2006). Origins of the electroretinogram. In John R. Heckenlively
& Geoffrey B. Arden (Eds.), Principles and practice of clinical electrophysiology

77

of vision (2nd ed., pp. 139–184). Cambridge, Massachusetts and London, England:
Massachusetts Institute of Technology (MIT).
36. Fluxman, S., and Haim, A. (1993) Daily rhythms of body temperature in Acomys
russatus: the response to chemical signals released by Acomys cahirinus.
Chronobiol Int 10, 159-164
37. Fragaszy, Dorothy Munkenbeck; Perry, Susan (2003). The Biology of Traditions:
Models and Evidence. Cambridge University Press
38. Frank, M.G., Issa, N.P., and Stryker, M.P. (2001). Sleep enhances plasticity in the
developing visual cortex. Neuron 30, 275-287.
39. Franken, P., Malafosse, A., and Tafti, M. (1998). Genetic variation in EEG activity
during sleep in inbred mice. Am J Physiol 275, R1127-1137.
40. Gutman, R., and Dayan, T. (2005). TEMPORAL PARTITIONING: AN
EXPERIMENT WITH TWO SPECIES OF SPINY MICE. Ecology 86, 164-173.
41. Haim, A., and Fluxman, S. (1996). Daily rhythms of metabolic rates: Role of
chemical signals in coexistence of spiny mice of the genusAcomys. J Chem Ecol
22, 223-229.
42. Haim, A., and Rozenfeld, F.M. (1993). Temporal segregation in coexisting Acomys
species: the role of odour. Physiol Behav 54, 1159-1161.
43. Haughton, C.L., Gawriluk, T.R., and Seifert, A.W. (2016). The Biology and
Husbandry of the African Spiny Mouse (Acomys cahirinus) and the Research Uses
of a Laboratory Colony. J Am Assoc Lab Anim Sci 55, 9-17.
44. Hediger H: Comparative observations on sleep. Proc R Soc Med 1969;62:1-4.
45. Hediger H: The biology of natural sleep in animals. Experientia 1980;36:13-16.
46. Hendricks, J.C., Finn, S.M., Panckeri, K.A., Chavkin, J., Williams, J.A., Sehgal,
A., and Pack, A.I. (2000). Rest in Drosophila is a sleep-like state. Neuron 25, 129138.
47. Hirata, H., Okamoto, K., Tashiro, A., and Bereiter, D. A. (2004) A novel class of
neurons at the trigeminal subnucleus interpolaris/caudalis transition region
monitors ocular surface fluid status and modulates tear production. J Neurosci 24,
4224-4232

78

48. Hoath, R. (2009) A Field Guide to the Mammals of Egypt. The American University
in Cairo Press, Cairo and New York.
49. Hobson, J.A., McCarley, R.W., and Wyzinski, P.W. (1975). Sleep cycle oscillation:
reciprocal discharge by two brainstem neuronal groups. Science 189, 55-58.
50. Huntley, A.C. (1987). Electrophysiological and behavioral correlates of sleep in the
desert iguana, Dipsosaurus dorsalis Hallowell. Comp Biochem Physiol A Comp
Physiol 86, 325-330.
51. Hur, S.P., Takeuchi, Y., Itoh, H., Uchimura, M., Takahashi, K., Kang, H.C., Lee,
Y.D., Kim, S.J., and Takemura, A. (2012). Fish sleeping under sandy bottom:
interplay of melatonin and clock genes. Gen Comp Endocrinol 177, 37-45.
52. IJzerman, H., Coan, J.A., Wagemans, F.M., Missler, M.A., van Beest, I.,
Lindenberg, S., and Tops, M. (2015). A theory of social thermoregulation in human
primates. Front Psychol 6, 464.
53. Jacobs, B.L., and Azmitia, E.C. (1992). Structure and function of the brain
serotonin system. Physiol Rev 72, 165-229.
54. John, J., Wu, M.F., Boehmer, L.N., and Siegel, J.M. (2004). Cataplexy-active
neurons in the hypothalamus: implications for the role of histamine in sleep and
waking behavior. Neuron 42, 619-634.
55. Joiner, W.J. (2016). Unraveling the Evolutionary Determinants of Sleep. Curr Biol
26, R1073-R1087.
56. Kelly, M.L., Peters, R.A., Tisdale, R.K., and Lesku, J.A. (2015). Unihemispheric
sleep in crocodilians? J Exp Biol 218, 3175-3178.
57. Krueger, J.M., and Majde, J.A. (2003). Humoral links between sleep and the
immune system: research issues. Ann N Y Acad Sci 992, 9-20.
58. Kryger, M.H., Roth, T., and Dement, W.C. (2005). Principles and practice of sleep
medicine (Philadelphia, PA: Elsevier/Saunders).
59. Kryger, M.H., Roth, T., and Dement, W.C. (2017). Principles and practice of sleep
medicine, 6th edn.
60. Lesku, J.A., and Rattenborg, N.C. (2014). Avian sleep. Curr Biol 24, R12-14.

79

61. Lesku, J.A., Rattenborg, N.C., Valcu, M., Vyssotski, A.L., Kuhn, S., Kuemmeth, F.,
Heidrich, W., and Kempenaers, B. (2012). Adaptive sleep loss in polygynous
pectoral sandpipers. Science 337, 1654-1658.
62. Levy, O., Dayan, T., and Kronfeld-Schor, N. (2011). Adaptive thermoregulation in
golden spiny mice: the influence of season and food availability on body
temperature. Physiol Biochem Zool 84, 175-184.
63. Lo, C.C., Chou, T., Penzel, T., Scammell, T.E., Strecker, R.E., Stanley, H.E., and
Ivanov, P. (2004). Common scale-invariant patterns of sleep-wake transitions
across mammalian species. Proc Natl Acad Sci U S A 101, 17545-17548.
64. Lyamin O, Pryaslova J, Lance V, Siegel J (2005) Animal behaviour: continuous
activity in cetaceans after birth. Nature 435: 117
65. Lyamin, O.I., Mukhametov, L.M., and Siegel, J.M. (2017). Sleep in the northern
fur seal. Curr Opin Neurobiol 44, 144-151.
66. Lyamin, OI, Mukhametov LM, Siegel JM, Nazarenko EA, Polyakova IG, Shpak
OV. Unihemispheric slow wave sleep and the state of the eyes in a white whale.
Behav Brain Res 129: 125–129, 2002
67. M.L. Kelly, R.A. Peters, R.K. Tisdale, J.A. Lesku, Unihemispheric sleep in
crocodilians? J. Exp. Biol., 218 (2015), pp. 3175-3178
68. Maeda, T., Lem, J., Palczewski, K., and Haeseleer, F. (2005) A critical role of
CaBP4 in the cone synapse. Invest Ophthalmol Vis Sci 46, 4320-4327
69. Mang, G.M., Nicod, J., Emmenegger, Y., Donohue, K.D., O'Hara, B.F., and
Franken, P. (2014). Evaluation of a piezoelectric system as an alternative to
electroencephalogram/ electromyogram recordings in mouse sleep studies. Sleep
37, 1383-1392.
70. Manoach, D.S., and Stickgold, R. (2016). Sleep: Keeping One Eye Open. Curr Biol
26, R360-361.
71. Matsumoto, J., Nihisho, T., Suto, T., Sadahiro, T., and Miyoshi, M. (1968) Influence
of fatigue on sleep. Nature 218, 177-178
72. Miyazaki, S., Liu, C.Y., and Hayashi, Y. (2017). Sleep in vertebrate and invertebrate
animals, and insights into the function and evolution of sleep. Neurosci Res 118, 312.
80

73. N.C. Rattenborg, S.L. Lima, C.J. Amlaner Facultative control of avian
unihemispheric sleep under the risk of predation Behav. Brain Res., 105 (1999), pp.
163-172
74. Nowak, R.M. (1999). Walker’s Mammals of the World. The John Hopkins
University Press, Baltimore, Maryland.
75. Pfeiffenberger, C., Lear, B.C., Keegan, K.P., and Allada, R. (2010). Locomotor
activity level monitoring using the Drosophila Activity Monitoring (DAM) System.
Cold Spring Harb Protoc 2010, pdb prot5518.
76. Phillips, A.J., Robinson, P.A., Kedziora, D.J., and Abeysuriya, R.G. (2010).
Mammalian sleep dynamics: how diverse features arise from a common
physiological framework. PLoS Comput Biol 6, e1000826.
77. Porkka-Heiskanen, T., and Kalinchuk, A.V. (2011). Adenosine, energy metabolism
and sleep homeostasis. Sleep Med Rev 15, 123-135.
78. Prober, D.A., Zimmerman, S., Myers, B.R., McDermott, B.M., Jr., Kim, S.H.,
Caron, S., Rihel, J., Solnica-Krezel, L., Julius, D., Hudspeth, A.J., et al. (2008).
Zebrafish TRPA1 channels are required for chemosensation but not for
thermosensation or mechanosensory hair cell function. J Neurosci 28, 1010210110.
79. Prudom, A.E., and Klemm, W.R. (1973). Electrographic correlates of sleep
behavior in a primitive mammal, the armadillo Dasypus novemcinctus. Physiol
Behav 10, 275-282.
80. Ralph, M.R., Foster, R.G., Davis, F.C., and Menaker, M. (1990). Transplanted
suprachiasmatic nucleus determines circadian period. Science 247, 975-978.
81. Rasch, B., and Born, J. (2013). About sleep's role in memory. Physiol Rev 93, 681766.
82. Ratnayake, U., Quinn, T., Daruwalla, K., Dickinson, H., and Walker, D.W. (2014).
Understanding the behavioural phenotype of the precocial spiny mouse. Behav
Brain Res 275, 62-71.
83. Rattenborg, N.C., Mandt, B.H., Obermeyer, W.H., Winsauer, P.J., Huber, R.,
Wikelski, M., and Benca, R.M. (2004). Migratory sleeplessness in the whitecrowned sparrow (Zonotrichia leucophrys gambelii). PLoS Biol 2, E212.
81

84. Rechtschaffen, A., Bergmann, B.M., Everson, C.A., Kushida, C.A., and Gilliland,
M.A. (1989). Sleep deprivation in the rat: X. Integration and discussion of the
findings. Sleep 12, 68-87.
85. Ridgway, S., Carder, D., Finneran, J., Keogh, M., Kamolnick, T., Todd, M., and
Goldblatt, A. (2006). Dolphin continuous auditory vigilance for five days. J Exp
Biol 209, 3621-3628.
86. Ripperger, J.A., Jud, C., and Albrecht, U. (2011). The daily rhythm of mice. FEBS
Lett 585, 1384-1392.
87. Ruckebusch, Y. (1972). The relevance of drowsiness in the circadian cycle of farm
animals. Anim Behav 20, 637-643.
88. Ruckebusch, Y. (1972). The relevance of drowsiness in the circadian cycle of farm
animals. Animal behaviour, 20(4), 637-643
89. Saper, C.B., Scammell, T.E., and Lu, J. (2005). Hypothalamic regulation of sleep
and circadian rhythms. Nature 437, 1257-1263.
90. Scantlebury, M., Bennett, N.C., Speakman, J.R., Pillay, N., and Schradin, C. (2006).
Huddling in Groups Leads to Daily Energy Savings in Free-Living African FourStriped Grass Mice, Rhabdomys pumilio. Functional Ecology 20, 166-173.
91. Schmidt, M.H. (2014). The energy allocation function of sleep: a unifying theory
of sleep, torpor, and continuous wakefulness. Neurosci Biobehav Rev 47, 122-153.
92. Seifert, A. W., Kiama, S. G., Seifert, M. G., Goheen, J. R., Palmer, T. M. and Maden,
M. (2012). Skin shedding and tissue regeneration in African spiny mice (Acomys).
Nature 489, 561-565.
93. Shkolnik, A. (1971). Diurnal activity in a small desert rodent. Int J Biometeorol 15,
115-120.
94. Siegel, J. M. (2008) Do all animals sleep? Trends Neurosci 31, 208-213
95. Siegel, J.M. (2005). Clues to the functions of mammalian sleep. Nature 437, 12641271.
96. Siegel, J.M. (2017). Sleep in Animals: A State of Adaptive Inactivity. In M. Kryger,
T. Roth, & W. C. Dement (Eds.), Principles and Practice of Sleep Medicine. (pp.
103-114) Philadelphia, PA: Elsevier.

82

97. Sun, N., Shibata, B., Hess, J. F., and FitzGerald, P. G. (2015) An alternative means
of retaining ocular structure and improving immunoreactivity for light microscopy
studies. Mol Vis 21, 428-442
98. Tabuchi, S., Tsunematsu, T., Black, S.W., Tominaga, M., Maruyama, M., Takagi,
K., Minokoshi, Y., Sakurai, T., Kilduff, T.S., and Yamanaka, A. (2014). Conditional
ablation of orexin/hypocretin neurons: a new mouse model for the study of
narcolepsy and orexin system function. J Neurosci 34, 6495-6509.
99. Tackenberg, M.A., Tucker, B.A., Swift, J.S., Jiang, C., Redenti, S., Greenberg, K.P.,
Flannery, J.G., Reichenbach, A., and Young, M.J. (2009). Muller cell activation,
proliferation and migration following laser injury. Mol Vis 15, 1886-1896.
100. Tauber,

E.S.,

Rojas-Ramirez,

J.,

and

Hernandez

Peon,

R.

(1968).

Electrophysiological and behavioral correlates of wakefulness and sleep in the
lizard, Ctenosaura pectinata. Electroencephalogr Clin Neurophysiol 24, 424-433.
101. Ternman, E., Hänninen, L., Pastell, M., Agenäs, S., and Nielsen, P.P. (2012). Sleep
in dairy cows recorded with a non-invasive EEG technique. Applied Animal
Behaviour Science 140, 25-32.
102. Tobler, I. (1992). Behavioral sleep in the Asian elephant in captivity. Sleep 15, 112.
103. Tononi, G., and Cirelli, C. (2006). Sleep function and synaptic homeostasis. Sleep
Med Rev 10, 49-62.
104. Toth, L.A., and Bhargava, P. (2013). Animal models of sleep disorders. Comp Med
63, 91-104.
105. Vorster, A.P., and Born, J. (2015). Sleep and memory in mammals, birds and
invertebrates. Neurosci Biobehav Rev 50, 103-119.
106. Weber, E.T., and Hohn, V.M. (2005). Circadian activity rhythms in the spiny
mouse, Acomys cahirinus. Physiol Behav 86, 427-433.
107. Williams, D. C., Aleman, M., Holliday, T. A., Fletcher, D. J., Tharp, B., Kass, P.
H., Steffey, E. P., and LeCouteur, R. A. (2008) Qualitative and quantitative
characteristics of the electroencephalogram in normal horses during spontaneous
drowsiness and sleep. J Vet Intern Med 22, 630-638

83

108. Wilson, D. E., and Reeder, D. M. (2005) Mammal species of the world : a
taxonomic and geographic reference, 3rd ed., Johns Hopkins University Press,
Baltimore
109. Xie, L., Kang, H., Xu, Q., Chen, M.J., Liao, Y., Thiyagarajan, M., O'Donnell, J.,
Christensen, D.J., Nicholson, C., Iliff, J.J., et al. (2013). Sleep drives metabolite
clearance from the adult brain. Science 342, 373-377.
110. Yaghouby, F., Schildt, C.J., Donohue, K.D., O'Hara, B.F., and Sunderam, S.
(2014). Validation of a closed-loop sensory stimulation technique for selective sleep
restriction in mice. Conf Proc IEEE Eng Med Biol Soc 2014, 3771-3774.
111. Yokogawa, T., Marin, W., Faraco, J., Pezeron, G., Appelbaum, L., Zhang, J., Rosa,
F., Mourrain, P., and Mignot, E. (2007). Characterization of sleep in zebrafish and
insomnia in hypocretin receptor mutants. PLoS Biol 5, e277.
112. Zepelin, H., J. M. Siegel, and I. Tobler. 2005. Mammalian sleep. Pages 91–100 in
M. H. Kryger, T. Roth, and W. C. Dement, eds. Principles and practice of sleep
medicine. 4th ed. Saunders, Philadelphia.
113. Zisapel, N., Barnea, E., Izhaki, I., Anis, Y., and Haim, A. (1999) Daily scheduling
of the golden spiny mouse under photoperiodic and social cues. J Exp Zool 284,
100-106

84

VITA
Author’s name: Chanung Wang
EDUCATION & TRAINING
2011 Master of Science, Department of Life Science, Dongguk University, Seoul, South Korea
2009 Bachelor of Science, Department of Biology, Dongguk University, Seoul, South Korea

RESEARCH & PROFESSIONAL POSITIONS
2011-2013 Research Intern-Graduate, Department of Pharmacology, Vanderbilt
University Medical Center, Nashville, TN
2009- 2011 Graduate research assistant, Department of Life Science, Dongguk
University, Seoul, South Korea
2006-2009 Undergraduate research assistant, Department of Biology, Dongguk
University, Seoul, South Korea
PUBLICATIONS
1. Wang, C., Guerriero, L.E., Brooks, T.C., Seifert, A.W., O’Hara, B.F., A Comparative study

of sleep and circadian biology between Mus musculus and African spiny mice (Acomys
cahirinus) under single and group housing conditions. (Manuscript in preparation)
2. Wang, C, Jung, D., Lee, S.H., Chung, C.Y., Critical phosphorylation sites on Paxillin (PAX)
in the regulation of Microglia chemotaxis. (Manuscript in preparation)
3. Strickland, J.C., Chen, I.C., Wang, C., Fardo, D.W., Longitudinal data methods for
evaluating genome by epigenome interactions in families. (Accepted in BMC Proceedings)
4. Wang, C, Jung, D., Cao, Z., Chung, C.Y. Adenylyl Cyclase localization to the uropod of
aggregating Dictyostelium cells requires RacC (2015), Biochemical and Biophysical
Research Communications 465:613-619
5. Wang, C.U. +, Lee, S.H. +, Jung, D.H., Yoshie, A., Kim, I.S., Hafner, J. H., Jeoung, E., Jang,

W., Kwon, Y.E.,

Surface modified gold nanorods for specific cell targeting (2012),

Journal of the Korean Physical Society 60 :1700-1707 (Selected as the highlight article)
6. Jung, H, Wang, C.U., Jang,W., Nano-C60 and Hydroxylated C60: Their Impacts on the

Environment (2009), Toxicol. Environ. Health. Sci. 1(2) :132-139
7. Jun, H.I.+, Wang, C.+, Goo, S.Y., Noh, E.G., Jang W., Sung J.S.

Modulation of Base

Excision Repair System during Development of Dictyostelium discoideum. Journal of
Biological Chemistry (In review)
85

8. Wang, C., Noh, J.H., Go, G.Y., Shin, H.S., Soll, D.R., Gormer, R.H., Jang, W.

Components of a cell number counting factor regulating cell motility during development in
Dictyostelium discoideum. (Under review)

HONORS AND AWARDS
2017

Course Scholarship, KBRIN Bioinformatics workshop, KBRIN, KY

2017

Arts & Sciences Certificate for Outstanding Teaching award, College
of Arts and Sciences, University of Kentucky, KY

2016

Graduate School Travel Fellowship, University of Kentucky, KY

2016

Course Scholarship, System Genetics Courses, Jackson laboratory, ME

2016

Ribble travel award, Department of Biology, University of Kentucky, KY

2015

Ribble travel award, Department of Biology, University of Kentucky, KY

2015

Graduate School Travel Fellowship, University of Kentucky, KY

2014

Ribble travel award, Department of Biology, University of Kentucky, KY

2010

Best Poster Award, The 3rd International Conference on Environmental
Health Science (ICoEHS), Yeosu, South Korea

2010

Professor Park Kwan Ho scholarship, Dongguk University, Seoul, South
Korea

2009

Young Scientist Scholarship, Dongguk University, Seoul, South Korea

2009

Science and Engineering National Scholarship, Korea Research
Foundation, Seoul, Korea

2007

Academic Excellent Scholarship, Jung-Gu Office Scholarship Foundation,
Seoul, Korea

2006 2008

Scholarship for Dean’s list, Dongguk University, Seoul, South Korea

2005

Biology Department Alumni Fellowship, Dongguk University, Seoul,
South Korea

86

